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FOREWORD 

4 

This volume contains the proceedings of an Asteroid Workshop organized by the . t 

co-chairmen w i t h  the sponsorship o f  the NASA Headquarters. The workshop was held a t  the 
Continuing Education Center a t  the Univers i ty  o f  Chicago. January 19-21, 1978. The 15 
i nv i t ed  speakers and several observers included sc i en t i s t s  spec ia l iz ing i n  meteorites ! 
and/or asteroids as wel l  as representatives from NASA Headquarters and the Je t  Propulsion 
Laboratory. 

i 
The workshop was r e l a t i v e l y  small and was conducted i n  an informal manner tha t  encour- 

aged discussion o f  the issues. The presentations and subsequent discussions reviewed and 
assessed the current  s ta te  o f  astero id  science and considered how future programs can best 
increase our understanding o f  the nature o f  these objects and of t h e i r  re la t ionsh ip  t o  the 
formation and ea r l y  h i s t o r y  o f  the so la r  system. As one element, the workshop considered 
the con t r ibu t ion  tha t  space missions. such as a mu1 t i p l e  astero id  rendezvous mission u t i l -  
i z i n g  low-thrust i on  d r i ve  prooulsion, might make t o  astero id  studies i n  the l a t e  1980's. 

Thanks are due t o  the s t a f f  o f  Sciencz Applications, Inc. fo r  t h e i r  assistance w i t h  
the workshop and the preparation o f  t h i s  volume. Mr .  J. Niehoff handled the meeting 
arrangements, Dr. W. We1 1s assisted the cc-chairmen i n  the e d i t o r i a l  tasks and Ms. K. A. 
Osadnick typed the f i n a l  manuscript. 

Edward Anders 
Univers i ty  o f  Chicago 
(Co-chai man) 

June 1978 

David Morrison 
NASA Headquarters 
(Co-chai man) 
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INTRODUCTION AND FlNDlNGS 



I NTRODUCT I ON 

DAVID MORRI SON 

NASA Hecrdquczpte~e, Irrashington, D.C. 20546 

The Significance of Asteroid Science 

The asteroids appear t o  represent a la rge ly  fragmented remnant o f  the planetesimals 
from which the  la rger  planetary bodies accreted i n  the ear l y  h is to ry  of the so la r  system. 
Because of t h e i r  small size, most o f  them apparently escaped the d ras t i c  thermal and chem- 
i c a l  a1 te ra t ion  t ha t  characterizes the planets and large sa te l l i t e s ,  such as the Moon. 
Thus, many asteroids can be expected t o  contain much chemically p r im i t i ve  mater ial  t ha t  i s  
charac te r i s t i c  of the o r i g i na l  condensation products o f  the so la r  nebula. Some asteroids, 
such as Vesta, have not  escaped h igh temperatures and processes of geochemical d i f fe ren t i -  
ation; they may help us understand the ea r l y  thermal evo lu t ion o f  planetary mater ial .  The 
processes of condensation and accret ion may also be revealed by the close study of aster-  
oids, since the repeated co l l i s i ons  t ha t  have fragmented most o f  them should provide natura l  
probes of i n t e r i o r  structure. The dynamical fami l ies ,  i n  par t i cu la r ,  can be expected t o  
provide a range of fragments t ha t  were i n i t i a l l y  pa r t  of a l a rger  parent body. Therefore, 
continued study o t  the csteroids can be expe~ ted  t o  y i e l d  important and probably unique 
evidence on botn physical and chemical processes associated w i th  the development o f  the 
planetary system from the o r i g i na l  so la r  nebula. 

I Our i n t e res t  i n  the asteroids i s  fur ther  st imulated by our conv ic t ion t ha t  many, and 
perhaps most, of the meteorites are der ived from astero ida l  parent bodies. Deta i led lab- 
oratory invest igat ions of these ex t r a t e r r es t r i a l  mater ials have revealed a wealth o f  i n -  

I formation about the chemistry of the so ia r  nebula and, t o  a lesser  but s t i l l  very important 
I degree, about physical processes i n  the parent bodies. Studies of asteroids and of mete- 

o r i t e s  dre synergist ic,  w i t h  each con t r ibu t ing  t o  our overa l l  understanding o f  so la r  system 
processes and evolut ion. 

It i s  bel ieved t ha t  asteroidal  debris has played a major r o l e  i n  c ra te r ing  the sur- 
faces of the inner  planets, so a knowledge of the h is to ry  o f  asteroidal  breakup and o f  the 
dynamical t ransport  of  mater ial  i n t o  the inner  so la r  system i s  v i t a l  for understanding 

1 planetary geology and chronology. Such impacts continue today, and the small Earth- 
approaching Apol l o  and Amor asteroids const i  t u t e  a present population of po ten t ia l  l y  
planet-impacting objects. It i s  important t o  understand the re la t ionships o f  the Apollos 
and k l o r s  t o  the main be1 t asteroids and t o  the comets, as we l l  as t o  solve the mcre gen- 

I era1 questions of in terp lanetary  dynamics needed t o  r e l a t e  meteorites t o  t h e i r  parent 
I bodies. 

F ina l l y ,  asteroids are important as t r ue  planetary objects, t o  be studied as global 
en t i t i e s .  Although we have no information a t  present on t h e i r  morphoi~gy o r  geology, o r  
on t h e i r  i n t e r i o r  structure, we conf ident ly expect tha t  c loser  examination wi 11 reveal the 
as two ids  as ind iv idua l  worlds of great i n t e res t  i n  t h e i r  own r i g h t .  An i ns t r uc t i ve  
example i s  provided by the Viking studies o f  Phobos and Deimos, which ind ica te  tha t  these 
objects, which are smaller than most o f  the asteroids t ha t  we are l i k e l y  t o  v i s i t  w i t h  
spacecraft, are remarkably ind iv idua l  and have been subject t o  processes t ha t  were t o t a l l y  
unant ic ipated before high reso lut ion images were obtained. Pa r t i cu l a r l y  exc i t i ng  are 
prospects f o r  comparative studies, since the asteroids provide a unique resource of small 
planets of g rea t l y  varying s ize  and heterogeneous chemistry. Nowhere e lse can we expect 
so r ead i l y  t o  i d e n t i f y  the separate processes t ha t  have inf luenced the formation and geo- 
log ic  evolut ion o f  planetary bodies. 



&rpse of the Crbpkshop 

This book i s  the repor t  o f  an astero id  science ~orkshop  held a t  the Univers i ty  o f  
Chicago on January 19-21, 1978. The workshop was sponsored by the Planetary D iv i s ion  o f  
the NASA O f f i ce  o f  Space Science as a means of assessing current  knowledge o f  the aster -  
oids and developing recomnendations fo r  t h e i r  continued study. 

Par t ic ipants  i n  the workshop were asked t o  consider the fol lowing key questions i n  
preparing t h e i r  papers: 

1. What are the most important things we want t o  learn about asteroids? 
How do these goals r e l a t e  t o  deeper ins igh ts  about the so la r  systen 
and i t s  evolut ion? 

2. What are the c ruc i a l  experiments needed t o  obta in  the information 
i n  (1 )? How much can be done from the ground, and what requires a 
space mission? 

3. Are meteorites samples o f  asteroids, and i f  so, can meteorites be 
re la ted  t o  asteroids on a one-to-one basis? Can t h i s  be accom- 
p l ished (now o r  i n  the future) by (a) telescopic observations, o r  
(b) dynamical studies? 

4. What i s  the re la t ionsh ip  between main be1 t asteroids and Earth- 
approaching asteroids? Would a mission t o  (or  sample o f )  one 
group t e l l  us much about the other? 

5. What type of missioc; ( i f  any) w i l l  most advance our understanding 
o f  asteroids i n  the l a t e  1980's o r  ea r l y  19901s? Are mu l t i p l e  
targets requi red? I s  rendezvous necessary? I s  sample re tu rn  
necessary? 

Much of the discussion centers around these points,  and i n  the next sect ion o f  t h i s  book 
answers t o  these questions are suggested as pa r t  of the f ind ings o f  t h i s  workshop. 

The workshop had two d i s t i n c t  purposes, which i n  tu rn  d ic ta ted i t s  formdt. F i r s t ,  i t  
was a meeting o f  sc ien t i s ts  who gathered t o  discuss t h e i r  own research and t o  summarize the 
s ta te  o f  astero id  science as o f  January 1978. Approximately the f i r s t  h a l f  o f  t h i s  book i s  
devoted t o  review papers and discuss>on o f  these s c i e n t i f i c  issues, div ided i n t o  two areas: 

! (1) Meteorites and Their  Relat ionship t o  Asteroids; and (2 )  Earth-Based Observational 
Programs. Second, the workshop addressed programnati c issues o f  i n t e res t  t o  NASA, and 

I 
I 

these provide the topics f o r  the secotid h a l f  of  the book: (3)  Future Explorat ion Options: 

i.1 and (4)  Mission Capabi l i t ies .  I n  par ts  3 and 4 the par t i c ipan ts  attempt t o  provide guid- 
ance f o r  fu tu re  research, p a r t i c u l a r l y  i n  regard t o  the po ten t ia l  o f  a f l i g h t  v i ss ion  t o  

i the asteroids. 

Overvim of the Workehop 

Each of the four  sections of t h i s  book corresponds t o  a half-day session a t  the ! 
workshop. Each paper was assigned 20-40 minutes f o r  presentation, w i t h  time f o r  discussion 
included. I n a d d i t i o n , a g e n e r a l d i s c u s s i o n o f p e r : i n e n t i s s u e s c o n c l u d e d e a c h o f t h e f o u r  
sessions. The speakers provided mnuscr ip ts  reviewing t h e i r  subjects, and i n  addit ion, the 
discussions were transcribed. The manuscripts, some o f  which have been revised by the 
authors a f t e r  the workshop, are incorporated i n t o  t h i s  volume together w i t h  edi ted versions 
o f  the transcr ibed discussions. 

, I j ! 

I ) I  I I 
i l  I I j 

a .  . i 

-. 



1 . :  

The f i r s t  paper, by George Wetheri 11, introduces the problem o f  the re la t ionsh ip  1 
between the asteroids and the meteor! tes from the po in t  o f  view o f  dynamics. It i s  c lea r  # .  . j 
t ha t  astero ida l  fragments can be de l ivered t o  Earth-crossing o r b i t s  and w i l l  impact the 
Earth, but  there are serious quan t i ta t i ve  discrepancies between the observed amount o f  . # 

meteor i t ic  materi a1 and the y i e l d  expected from these processes. Wetheri 11 thus emphasizes 
the complexity o f  the in te r re la t ionsh ips  among main be1 t asteroids, comets, Apol l o  aster-  
oids, meteors, and meteorites. He suggests t ha t  most d i f fe ren t ia ted  meteorites are de- I ! 
r i ved  from the be1 t, but he a lso favors comets as s i gn i f i can t  sources f o r  p r im i t i ve  meteor- 
! tes. 

! Robert Clayton, i n  the second papev, explores the exc i t i ng  new work on i so top ic  abun- 
dance var ia t ions among meteorites. Oxygen isotope differences are estab l ish ing genetic I 

associations between meteori te classes, which i n  t u rn  ind ica te  t ha t  the parent bodies were * \ 
formed out o f  pre-solar mater ial  tha t  was not f u l l y  mixed a t  the t ime condensation occurred 
w i t h i n  the so la r  nebula. i 

I .  

The physical  as wel l  as chemical propert ies o f  the meteori te parent bodies are re- 
viewed by John Wood, who concludes t ha t  many d i  f ferent iated meteori tes were 1 i kely  formed 
i n  asteroidal-s ized parents. Wood then explores i n  more d e t a i l  a new and somewhat specu- 
l a t i v e  model f o r  the formation o f  the pal l a s i  tes a t  the in te r face  between an i r o n  core and 
o l i v i n e  mantle i n  d i f fe ren t ia ted  bodies only about 10 km i n  diameter, which are l a t e r  i n -  

I corporated i n t o  a second generation of larger  (100 km) parent bodies. 
! 

The t i n a l  paper i n  the f i r s t  sect ion i s  by Edward Anders, who explores the re la t ion -  
ship between stony meteorites and the asteroids i n  the main be1 t. Anders notes t ha t  the 
presence o f  trapped so la r  gas i n  stony neteor i tes requires t h e i r  o r i g i n  i n  the rego l i ths  
o f  asteroidal- type bodies, and he argues tha t  the most p laus ib le  sources are the C (carbo- 

I 

naceous) and S (s i l i ceous)  asteroids, i n  sp i t e  o f  the di f ferences (discussed i n  the next 
sect ion) between the spectra o f  S asteroids and ordinary chondri tes. This problem i s  a 

1 

c e ~ t r a l  one f o r  the in te rp re ta t ion  o f  both astronomical ohservations and dynamical theory, 
and t r~ere  were a number of opinions expressed by workshop par t ic ipants  i n  the discussion. I :  

I 
Pa-t Two o f  the book i s  anore d i r e c t l y  concerned w i t h  the observational data on aster-  

I 

I oids, most ~f which have only been acquired dur ing the past few vears. The f i r s t  paper, 
I by David Morrison, b r i e f l y  summarizes physical observations and then t reats  i n  more deta i  1 
, the c l ass i f i ca t i on  scheme recent ly  developed by a :mber o f  the observers t o  describe 

astero id  surfaces. The p r i nc i pa l  cldsses. dist inguished on the basis o f  a number of . -' 
parameters invo lv ing albedo and color, are ca l led  C, S, and M--a terminology used fre- 5 
q::atly i n  t h i s  book. 

! The CSR c l ass i f i ca t i on  serves as the s t a r t i ng  po in t  f o r  Ben Zel lner 's  paper on the 
geography o f  ti;? asteroici be l t .  Zel lner describes how the raw data on asteroid types are 
corrected f o r  observational biases (against dark objects, f o r  instance) t o  der ive the d is -  
t r i b u t i o n  o f  types tht-~ughout the be1 t. He a lso discusses recent work on f2111i l y  members 

1 t ha t  indicates tha t  dyn~mica l  fami 1 ies  have a t rue  physical re la t ionship,  presumably i n d i -  
I 

I cat ing c o m n  o r i g i n  i n  the breakup o f  a parent asteroid.  

Tor McCord's paper deals w i t h  the in te rp re ta t ion  o f  astero id  ref lectance spectrophotom- 
e t r y  i n  terms o f  mineralogical types. He gives in fe r red  mineral assemblages for  about 60 
asteroids, comparing the astero id  surface mater ials w i t h  the s im i l a r  mater ials t ha t  make up 
many meteorites, but  not ing the absence of asteroids w i th  spectra tha t  match i d e n t i c a l l y  

1 the ordinary chondri tes. 
I .  

Dennis Matson next reports on in f ra red  observations. He discusses the signi f icance of 
r e f l e c t i v i t y  i n  the 1-4 um region as an ind ica t ion  o f  surface mineralogy, and he also t rea ts  \ 

I .  

the thermal models used t o  analyze in f ra red  observations a t  longer wavelengths. Matson also I 

discusses Lebofsky's recent discovery of a spectral  feature due t o  water of hydrat ion on b 
Ceres, i n  apparent cont rad ic t ion t o  the mineralogy in fe r red  f o r  t h i s  astero id  by McCord from 

, . 
spectrophotometry. 

I 



A con~p~.ehensive paper on astero id  co l l i s ions ,  crater ing, and the evolutiols 
l i t h s  i s  given by Clark Chapman. He reports on recent laboratory experiments .-.-, cosrpb. . 
modeling that  pred ic ts  the development o f  rego l i ths  on a l l  asteroids more tha, a fed ten: 
o f  ki lometers i n  diameter and tha t  allows for  a wide range i n  the i n t r i n s i c  strength o f  
asteroidal  surface materials. Chapman a lso discusses why the high frequency o f  i n t e r -  
asteroidal  c o l l  is ions probably requires near ly  a1 1 asteroids t o  be fragments o f  precl,:-:,ors. 

Gene Shoemaker's paper marks a s h i f t  of emhasis from the large, main b e l t  asteroids 
t o  the smaller and r a re r  Apol lo and Amor objects t ha t  pass close t o  the Earth. He reviews 
the or igin,  physical properties, and discovery h is to ry  o f  these asteroids, which appear t o  
l i n k  the main be1 t objects, the comets, and the meteorites. The number of these objects 
can now be estimated w i t h  reasonable confidence; the physical observations suggest t ha t  a 
wide va r i e t y  of compositional types are represented among the near-Earth asteroids. 

I n  the general discussion tha t  concludes t h i s  section, several i n te res t ing  po in ts  are 
raised. The var ie ty  c f  surface mineralogies was stressed, and the expectation i s  t ha t  d i f -  
ferences would be even more s t r i k i n g  i f  asteroids could be resolved spa t i a l l y .  Chemical 
as wel l  as physical evo lu t ion may be important on the surfaces o f  the la rger  objects. An 
important question for  the Earth-approaching asteroids concerns the apparent r a r i t y  of 
carbonaceous objects; i s  t h i s  e f f e c t  rea l  o r  only apparent? 

The second h a l f  o f  the book i s  less science or iented and more speculat ive i n  nature. 
I t  begins w i th  a sect ion on fu ture explorat ion options, and then i n  the f i na l  sect ion deals 
spec i f i ca l l y  w i t h  invest igat ions t ha t  could be done fro111 a spacecraft. I 

Clark Chapman and Ben Zel lner review recent observing programs and speculate on the 
r o l e  these observations w i  11 play dur ing the next decade. They see a s h i f t  from surveys 
t o  more specialized, in tens ive studies o f  i nd iv idua l  objects, but not u n t i l  the soectro- 
photometric surveys are extended t o  many more objects. They also p red ic t  an increasing 
r o l e  f o r  radar, mid- infrared spectroscopy, and thermal studies from the I R A S  sate l  1 i te. 

Although Earth-based studies w i l l  remain important, there i s  increasing i n t e res t  i n  
spacecraft observations o f  asteroids. Fraser Fanale presents a deta i led science ra t iona le  
f o r  an i n i t i a l  astero id  mission tha t  involves rendezvous o r  o r b i t  w i t h  several main b e l t  
asteroids. This concept o f  a mul t i -astero id  rendezvous mission provides a baseline f o r  
much o f  the mater ial  i n  the . e s t  o f  the book. 

Imaging studies are h igh l ighted by Joe Veverka i n  the next paper. Using the Viking 
measurenlents o f  Phobos and Deimos as examples, he discusses the wide range o f  processes 
that  might be revealed on astero id  surfaces by high-resolut ion photography from a space- t 

I 
c r a f t .  i 

John Niehoff presents a comprehensive examination o f  the options f o r  astero id  missions. 
U i t h i n  the constraints of ex i s t i ng  o r  planned launch vehicles and low-thrust propulsion 
systems, a wide var ie ty  o f  missions i s  possible, inc lud ing f lyby, rendezvous, and even 
sample return. The mul t i -astero id  rendezvous concept requires an ion  d r i ve  low-thrust 
propulsion system of the type being developed for  a comet rendezvous. Niehoff 's analysis 
ind ica t  s that  there are p l e n t i f l r l  opportuni t ies f o r  such n~issions t o  v i s i t  four  asteroids 
w i th  stay times o f  60-90 days each and t r a n s i t  times between rendezvous o f  the order of a 
year. 

An a1 ternat ive mission strategy focused on the Earth-approaching asteroids i s  next 
given by Gene Shoemaker. He emphasizes the opportuni t ies f o r  sample re tu rn  and maaned 
v i s i t s ,  which favor the c loser  Apollos and Amors over the main b e l t  objects. i' 

I n  the general discussion fo l lowing these papers, there i s  a wide-ranging discussion i 
of the r e l a t i v e  ro les o f  f l i g h t  missions and o f  Earth-based studies dur ing the next few 
years. While a great deal rc. ,.!ins t o  be done from Earth, i t  was the consensus that  major 
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advances i n  the  1980's w i l l  depend upon f l i g h t  missions. I n  p a r t i c u l a r ,  on l y  from a 
spacecraf t  w i l l  i t  be poss ib le  t o  ob ta in  s i g n i f i c a n t  s p a t i a l  r e s e l u t i o n  and t o  study 
as tero ids  as i n a i v i d u a l  p lanetary  bodies. This sec t i on  contains an i n t e r e s t i n g  v a r i e t y  
of ph i losoph ica l  d iscussions on our  a b i l i t y  t o  ask the r i g h t  s c i e n t i f i c  questions and t o  
seek answers r e a l i s t i c a l l y  when ex t rapo la t i ng  from our present perspect ive t o  the r a d i s a l -  
l y  advanced c a p a b i l i t i e s  o f  experiments on spacecraf t .  

The f i n a l  sec t i on  o f  t h i s  book deals w i t h  i nves t i ga t i ons  t h a t  might be inc luded on 
spacecraf t  sent  t o  the asteroids.  Tom McCord begins w i t h  a review o f  o p t i c a l  remote sens- 
ing, p a r t i c u l a r l y  v i s i b l e  and in f ra red  spectrophotometry and mu1 t i s p e c t r a l  mapping. In -  
struments o f  t h i s  type have n o t  y e t  been flown bu t  are  under development; they appear t o  I 

o f fe r  the beqt prospect f o r  determining mineralogy and mapping minera log ica l  un ,s on an 
as te ro id  surface. , . 

Jim Arnold discusses remote geochemical measurements t h a t  cou ld  be made w i t h  gamna-ray 
spectrometers and x-ray f luorescence spectrometers. These instruments have proved them- 
selves i n  lunar  o r b i t ,  and they seem best  s u i t e d  t o  d e t e n i n i n g  the elemental content  of  

, 

as te ro id  surfaces. 

Imaging techniques are  discussed by Joe Veverka, who argues t h a t  very h igh  r e s o l u t i o n  

I .  imaging provio,.z t9e best  means o f  examining geological  processes a c t i n g  on as te ro id  sur-  
faces. Imaging d l so  may be important  f o r  revea l ing  how astero ids  accreted and f o r  obta in-  
i n g  some data on t h e i r  d i f f e r e n t i a t i o n  h i  s to ry .  Imaging from rendezvous together w i t h  
Doppler t rack ing  i s  a l s o  the on ly  way t o  deterniine accurate dens i t i es  and hence p lace 1 ini i  t s  
on bu l k  composition. 

!n the f i n a l  paper. Thanasis Economou addresses the quescion o f  it: s ' t u ,  ra the r  than 
remote sensi cg, measurements. h3r 3 1 anders o r  penetra to rs  cou ld  be deployed t o  make d i  r e c t  
measurewnts o f  surface composition. p rov id ing  a rl:;ic,! nore complete chemical ana lys is  than 
can be obtained w i t h  remote sensinq instruments. Such aleasurenlents should be considered. 
even f o r  the  i t ~ i  t i a l  as te ro id  rendezvous mission. 

I n  the f i n a l  general discussion, the main top ics  concet-11 the poss ib le  ro les  nf hard 
lander: aod c f  sarbple re tu rn .  While these are c l e a r l y  areas o f  great  s c i e n t i f i c  i n t e r e s t ,  
the m a j o r i t y  favors g i v i n g  h ighest  p r i o r i t y  f o r  the f i r s t  ni ission t o  remote sensinq of  a 
s l ros tant ia l  v a r i e t y  o f  main b e l t  asteroids,  i n  order  t o  t r u l y  explore the d i v e r s i t y  o f  
these objects.  

Thc f i n a l  sessior  o f  the workshop, on the morning o f  January 21. was devoted t o  a 
discussion o f  the f i v e  key questions s ta ted  i n  the previous sect ion,  and t o  fo rmula t ina  
miss ion- re la ted reccmnendations f o r  NASA. The sec t i on  on f i ca  i nqs and recomnenda t ions ,  
which fo l lows. i s  an ed i ted  sumnary o f  t h a t  discussion. r e f l e c t i n g  the c o l l e c t i v e  view of  
the  workshop pa r t i c i pan ts .  

1 j I t  i s  the  hope o f  the  organizers and p a r t i c i p a n t s  i n  the Astero id  Workshop tha r  the 
I i present volu~ne wi  11 be i l se fu l  t o  the science comnuni t y  and t o  NASA a l i k e .  The review 

papers i n  the f i r s t  h a l f  provide an overview o f  t h i s  d i s c i p l i n e  and may be read as an i n -  
formal i n t roduc t i on  t o  as te ro id  science i n  1978. The second h a l f  represents the f i r s t  

* i e f f o r t  t o  aoply recent advances i n  snacecraf t  and experiment c a p a b i l i t i e s  t o  sketch the 
I o u t l i n e  o f  an as te ro id  exp lo ra t i on  mission tha t  would have broad s c i e n t i f i c  appeal and be 

re levan t  t o  important  emerging problems o f  s o l a r  system evo lu t i on  and comparative p lane to l -  
ogy. F i n a l l y .  t ke  discussioris a re  included t o  g i v e  some f l a v o r  of the f r i e n d l v  give-and- 
take tha t  character ized what most o f  us f e l t  t o  be a very s t i m u l a t i n g  and successful 
s c i e n t i f i c  conference. 
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PREC'D~N~ PAGE B L A M  NOT 
I ' -  

FINDINGS AND RECOMMENDATIONS 

EQd'or Reeearch Goat8 of Asteroid Studies 

The pr imary goals o f  as te ro id  science should be t o  character ize  the  o v e r a l l  popu la t ion  
o f  minor planets, t o  r e l a t e  these ob jec ts  t o  the processes o f  s o l a r  system formation and 
evo lu t ion ,  and t o  study representa t ive  examples ac  global  e n t i  t i e s  i n  order  t o  understand 
the  processes i n f l u e n c i n g  t h e i r  h i s t o r y .  Speci f  + ~ l l y ,  we des i re  t o  determine for  a  repre- 
sen ta t i ve  sample of  ob jec ts :  

1. Composition (chemical and i s o t o p i c )  
f 2. Mi nera 1  oqy 

3. I n t e r n a l  s t r u c t u r e  and, hence, ovidence o f  acc re t i on  and d i f f e r -  
e n t i a t i o n  h i s t o r y  

4. Surface morphology a ~ 3  evidence o f  geologic processes, i nc lud ing  
t h e m 1  events 

5. Nature o f  r e g o l i t h  and fragmentation h i s t o r y .  

These data must be r e l a t e d  t o  a  s t a t i s t i c a l l y  representa t ive  sample o f  objects if we are t o  
I understand the broader questions o f  accre t iona l  h i s t o r y ,  subsequent c o l l i s i o n s  and fragmen- 
I t a t i o n , a n d o r b i t a l e v ~ l u t i o n o f t h e a s t e r o i d ~ o p u l a t i a n .  i 

As a  more d e t a i l e d  s e t  of  quest i rns  amenable t o  study through research on asteroids,  
we s u m r i z e  the  items l i s t e d  by Fanale i n  h i s  n--er  l a t e r  i n  t h i s  repor t :  

1. What were phys ica l  and chemical condi t i o r ~ s  i n  the   SO;,^ system dur ing 
planetary acc re t i on  l i k e ?  

a. What were the physical i n te rac t i ons  among s o l i d  bodies o f  a l l  
s izes l i k e  dur ing acc re t i on  o f  our p lanetary  s y s t m ?  This 
includes processes o f  a t c r e t i m ,  f~ aqmentation, and dynamic 
rearrangement. 

b. What chemical f r a c t i o n a t i o n  processes operated dur ing conden- 
sat ion1accret io; i  t o  produce d i i f e rences  i n  bu l k  composit ion 
among astero ids? How a re  these processes r e l a t e d  t c  the 
i n t e r n a l  s t r u c t u r e  of p r i m i t i v e  b o d i ~ s ?  

2. What magmatic processes operated w i  t h i n  ast !?roids t o  produce in te rna  1  
d i f f e r e n t i a t i o n ?  

When d i d  these processes operate and what were the energy sources 
( s h o r t - l i v e d  nucl ides,  s o l a r  electromagnetic i n te rac t i on ,  e tc .  ) ?  
Why d i d  they seemingly a f f e c t  some astero ids  and not  others? 

3. What i i r e  the genet ic re la t i onsh ips  among small bodies i n  the so la r  
sys tem? 

Are there parenta l  re la t i onsh ips  among (a)  var;ous o r b i t a l  fami l ies  
o f  as tero ids ,  (5)  various spect ra l  classes o f  asteroids,  ( c )  corn-ets, 
( d )  meteor i tes,  (e)  p lanetary sate1 1  i tes, and ( f )  i n te rp lane ta ry  o r  
i n t e r s t e l l a r  dus t?  I n  what contex t  does t h i s  p lace the informat ion 
we have already accumulated on meteor i tes and what, i n  turn,  does 
t h i s  t e l l  us about p lanetes imal lp lanetary  genesis? 



I n  the following two sections we consider what are the crucia l  Earth-based observations 
and experiments that w i  11 contribute to answering these questions, and then the degree t o  
which further progress may require a space mission. . , 

Sn-th-&wed Imrestigations 

Ground-based astronomical observations have already made substantial progress i n  
&f in ing and characterizing the broad population of asteroids, but a great deal of useful 
work remains to be done by further appl icat ion o f  ex is t ing techniques. Me expect that. 
before any space mission can be undertaken, these grounGbased surveys w i l l  have effec- , ,  
t f  vely completed a reconnaissance of the asteroid be1 t. Thus, : t i s  appropriate for a 
f i r s t  space mission to  procxd d i rec t l y  t o  the explorat~on phase o f  s t ~ d y ,  as discirssed 
i n  the following section. 

Because there are so many asteroids and they represent such a heterogeneous popula- 
tion, extensive survey work i s  essential. Only wi th such datd can we expect t o  integrate 
the detai led data obtained for a l im i ted  number o f  objects (e i ther  from the Earth o r  from 
a space mission) i n t o  an appropriate context. For t h i s  reason, we would not expect an 
exploratory space mission to supplant Earth-based studies o f  the asteroids to the degree 
that the Mariner f l i g h t s  have done so fo r  the te r res t r i a l  planets. 

The survey programs o f  UBV photomtry, polarimetry, re f lec t ion  spectrophotometry. and 
thermal radiometry that have been carr ied out during the past few years have transformed 

1 ,  1. ' -: our knowledge o f  the main b e l t  asteroids. Part icu lar ly  notable i s  the evidence oC hetero- 
genei t y  and the indicat ions that most asteroid surfaces can be characterized by mineral 
assemblages s imi lar  t o  those o f  the meteorites. These surveys now include more than 30% 
of the named and numbered asteroids, and these data have been brought together i n  an 
accessible form i n  the TRIAD data f i l e .  We anticipate tbat studies of t h i s  kind w i l l  be 
continued, and also that more demanding techniques such as inf rared spectroscopy and radar 
studies w i l l  be applied t o  those objects large enough to  make them pract ical.  

There are several areas o f  Earth-based investigat ion that appear par t i cu la r ly  valuable 
fo r  answering high-prior i  t y  questions concerning the asteroids. These are: 

Survey and Classification with Moderatr SpectmZ Resotution. 
Although UBV data have proved exceedingly useful, we note that  
substantial ly bet ter  characterization o f  asteroid mineralogy i s  
obtainable wi th photometric systems that extend to  a ivavelength 
of 1 .I pm. We also note that the combination o f  such spectral 
data wi th albedos determined by e i ther  thernlal radiometry or 
polarimetry i s  exceedingly useful f o r  such survey applications. 
It appears that data o f  th is  kind fo r  o f  the order o f  1000 aster- 
oids w i l l  be needed t o  c lear ly  ident i fy  the major classes and t o  
search for rare objects o f  unusual composition that may be the 
parent bodies o f  important meteorite classes. Important contr i -  
butions to t h i s  survey work may also be carr ied out from Earth 
o r b i t  i f  appropriate processing o f  radiometric data from IRAS or 
other in f rared sa te l l i t es  can be done. 

2. &tailed ~ e c t m t  Obaemtions Coupted trith Laboratory Studies. 
The interpretat ion o f  asteroid mineralojies has progressed greatly 
i n  the past f i v e  years, but fundamental quosicions o f  in terpretat ion 
remain. One o f  these relates t o  the possible ident i f i ca t ion  of 
cer ta in S asteroids wi th the ordinary chondrites; another involves 
the search f o r  the spectral signature o f  d t r u l y  metal l ic  asteroid. i 
Problems of space weathering and reg01 i t h  forn1atir.n need additional , 
consideration. A program of detai led spectra from the u l t rav io le t  
t o  4.0 pm f o r  a representative sample o f  asteroids, together wi th I - 1  

10 
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substant ia l  support fron laboratory work and theore t i ca l  s~ud ies ,  
would great ly  advance our understandl ng o f  astero id  mineralogy. 
Determination o f  metal content may a lso be great ly  aided by radar 
work. s ince a meta l l i c  astero id  i s  expected t o  provide an anoma- 
lous ly  large radar re turn.  

3. Discovery a d  ~ c t e r i a a t i o n  of hrth-Apprwching Asteroids. The 
Earth-approaching asteroids are a c ruc ia l  l i n k  between the main b e l t  
asteroids and the meteorites. We need t o  understand the dynamics o f  
these objects and t o  r e l a t e  t h e i r  physical character is t ics  t o  those 
of the better-studied and more accessible objects i n  the main be1 t. 
Our knowledge o f  these objects has +rr,.eaced g rea t l y  i n  recent years 
la rge ly  as the r esu l t  o f  two search programs car r ied  out a t  Hale 
Observatory and o f  e f f o r t s  t o  acquire some physical dati! i n  the 
b r i e f  time they are accessible a f t e r  discovery. We st rongly  support 
the cont inuat ion o f  these searches, and if possible t h e i r  expansion 

i ' 

through acqu is i t i on  o f  a dedicated Schmidt telescope f o r  as te ro id  i 
i 

work. It i s  a lso o f  great importance t ha t  t ime on large telescopes t 
(both op t i ca l  and radar) be avai lab le  on sho-t not ice t o  apply t o  I *  
these asteroids the techniques f o r  physical observations t ha t  have l 
been appl ied so successful ly i n  the main be l t .  1. . 

i 
1 

4 .  NeteoriticaZ Investigatione. The stud? o f  meteorites i s  a major !I 
5 ,  branch o f  planetary science, and the impressive advances being made 

i n  t h i s  area w i  11 sure ly  continue independent o f  th? fate of aster-  

[ [ s:' o i d  research. We wi 11 not rresume i n  t h i s  repor t  t o  comnent on 
meteor i t ica l  research, other than t o  note t ha t  the connection be- 
tween asteroids a ~ d  meteorites i s  a close one, and tha t  advances L 

i n  e i  ther area should cont r ibute t o  understanding the other. + 
i . 

I ! 

The underlying motivat ion fo r  astero id  missions l i e s  i n  the eventual need t o  inves t i -  
1 * 8 

gate ind iv idua l  bodies on a deta i led scale. General and spec i f i c  questions are suggested ! . 

I by studies o f  meteorites. by Earth-based observntions o f  asteroids, by theoret ica l  modeling i b 
I 
I o f  asteroids and protoplanets and by experience w i t h  studies o f  other planetary bodies. I ,  

t 
The demand fo r  such de ta i l  stems ft~o;:' the d i f f i c u l t  problem o f  unraveling accret ional and L 

I f r ac t iona t ion  h is to r ies  and the need t o  gain fur ther  i n s i gh t  i n t o  evolut ionary processes I 
by comparative studies. Object spec i f i c  informlation on surface morphology, composition, 
mean density, and in te rna l  structure, necessary t o  advance our understandinp of these h is-  

I 
tor ies,  w i  11 requi re  space missions to  ind iv idual  targets.  Even i f  t hew  were no presump- ; 
t i v e  connection between asteroids and meteorites, such studies would eventual ly be required 
t o  understmd the r o l e  tha t  the asteroids have played i n  the evolut ion o f  the planetary I 

system. i 

Among the invest igat ions t o  be accomplished by space missions are high reso lu t ion  
spectral  and spa t ia l  mapping o f  the surface, global and reoional determination of i n te rna l  
structure. in eitu v e r i f i c a t i o n  o f  remote sensing measurements, character izat ion of the 
so la r  wind in teract ion.  and re tu rn  o f  samples f o r  extended Earth-based study. I n  add i t i on  
t o  great ly  enhancing the fineness t o  which comparative studies can be extended, the syner- 
g i s t i c  combination o f  these data i s  required t o  explore spec i f i c  asteroids as global en- 
t i t i e s ,  be they e i t he r  r e l a t i v e l y  i n t a c t  planetesimals o r  fragments o f  some e a r l i e r  c o l l i -  
s ion process. 

I t  i s  our consensus, therefore, tha t  space missions t o  as. v o i d s  wi 11 be required t o  
I 

, . 
continue the progress i n  our understanding of these bodies as they r e l a t e  t o  the t o t a l  
formation and evolut ion o f  the so lar  system. As ind icated i n  the previous section, we I 

feel  that  the current  program o f  Earth-based observations i s  formulat ing a base o f  astero id  
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infor inat ion ~0 I I t ~a rab le  t o  reconnaissance mission capabi 1 i t ies .  Hence, i n  order t o  j u s t i f y  
t h e i r  cost, i n1  t i a l  asteroid-dedicated missions should be capable of an explorat ion leve l  
a t  l eas t  cornpatsable t o  planetary orb i ters ,  w i t h  long stay times and the a b i l i t y  t o  survey i 
e n t i r e  surfaces. I n  the case o f  the la rger  asteroids, an o r b i t e r  i s  i n  fact an appropriate 1 ,  

i ,  
approach, but  f o r  ~ L j e c t s  w i t h  low surface grav i ty ,  simple station-keeping w i t h  some maneuver . 
capab i l i t y  i s  s u f f i c i w t .  For s imp l i c i t y ,  we w i l l  r e f e r  t o  both o f  these modes as 
&xvace missions. I I 

An essentia: charac te r i s t i c  o f  the asteroids i s  t h e i r  var ie ty .  I n  order t o  accomplish j 
the s c i e n t i f i c  goals o f  a mission, i t  w i l l  be necessary t o  v i s i t  several objects. Whfle 1 
t h i s  could i n  p r i n c i p l e  be accomplished w i t h  many separate launches, i t  seems most cost- 
e f f ec t i ve  f o r  each launch t o  v i s i t  as many objects, i n  succession, as performance l i m i t s  I .  + @ 

permit. Consequently, we conclude t ha t  mtti-asteroid ~*endesvous i s  the recommended con- 
cept f o r  an ear l y  astero id  mission. Low-thrust i on  d r i ve  propulsion provides the capabil- 
i t y  f o r  t h i s  mission concept. 

i ; 
i 

The t iming f o r  a f i r s t  astero id  mission i s  c lose ly  t i e d  t o  progress i n  Earth-based ob- 1 
servations. Seven years ago, a t  the time of the Tucson astero id  conference, i t  seemed t o  J .  

many of us t ha t  a mission was premature. Since then photometric surveys have examined about 
600 asteroids, and reasonably de ta i led  spectra have been obtained f o r  more than 300. We 
bel ieve t h a t  Earth-based studies o f  t h i s  type are c ruc ia l  f o r  understanding the asteroids 
and f o r  i n t e l l i g e n t  planning o f  a mission. But t h i s  f i e l d  i s  r ap i d l y  reaching matur i ty,  j -  I , 

and i t  i s  ant ic ipated t ha t  w i t h i n  another f i v e  years we may reach a po i n t  o f  diminishing re- ! I 
turns i n  ground-based studies. Thus, i t  i s  our assessment t ha t  pre l iminary  planning could 
begin now f o r  a multi-rendezvous astero id  mission f o r  i n i t i a t i o n  i n  the early-to-mid 1980's. 1 

We have extended these conclusions t o  a pre l iminary  considerat ion o f  targets and can- 
d idate experiments. Each of these areas i s  discussed below. 

The main c r i t e r i a  f o r  target ing r e l a t e  t o  inves t iga t ing  a su f f i c i en t  va r ie ty  of objects 
t o  carry  ou t  the broad comparative goals o f  astero id  explorat ion. I n  addit ion, we feel 
t ha t  e f f o r t s  should be made t o  study in te rna l  s t ruc tu re  by v i s i t i n g  several dynamical !~ 
re la ted  objects tha t  appear t o  be products o f  the breakup of a s ing le  parent body. We do 
no t  recomnend spec i f i ca l l y  seeking t o  i d e n t i f y  meteori te parent bodies; rather,  we may 
learn more by v i s i t i n g  asteroids tha t  are no t  represented i n  our meteori te co l lec t ions.  
It i s  understood tha t  p rac t i ca l  mission considerations w i l l  g rea t l y  const ra in  the actual  
objects t ha t  can be targeted i n  a s ing le  mission, but  i t  a lso seems c lear  t ha t  there are 
enough po ten t i a l l y  exc i t i ng  targets t ha t  a great many su i tab le  missions can be designed, 
depending on launch date and the capab i l i t y  o f  the low-thrust propulsion system. Some 
examples o f  asteroids o r  classes o f  asteroids considered as su i tab le  targets  fol low: 

1. Ceres ( largest,  presumbly unfractured, r e l a t i v e l y  p r im i t i ve  but 
probably experienced some thermal evolut ion, may have bound H20 
on surface, may resemble o r i g i na l  planetesimals). 

2 .  Vesta ( t h i r d  largest,  presumably unfractured, d i f f e ren t i a t ed  and 
thermally evolved, may be t yp i ca l  o f  o r i g i na l  parent bodies of 
d i f fe ren t ia ted  meteorites, may hold important clues t o  lunar  
evolut ion).  

3. Two o r  more members o f  a Hirayama family ( t o  examine fragments o f  
f ractured parent body fo r  data on in te rna l  s t ructure and accret ion 
h is to ry ) .  

4.  A small very dark C type ( t o  examine p r im i t i ve  mater ial ,  i n ves t i -  
gate accret ion h is to ry ) .  

5. Typical members of compositional classes, e .g . ,  an S, a meta l l i c  
surface, an ens ta t i t e  chondri te surface ( t o  trace var ied d i f f e r -  
en t i a t i on  and thermal evolut ion, study geologic processes on a 
va r ie ty  of compositions) . 



Me stress tha t  these are only examples t o  i l l u s t r a t e  the range o f  comparative inves- 
t i qa t inns  t o  be car r ied  out. Undoubtedly, cont inuing observations and in te rp re ta t ions  wi 11 
modify and r e f i ne  t h i s  l i s t  before an actual nlission comnitment i s  made. 

1 j.-.i ,- ~i$# 
1 1 ' 1  . . 
i . .: . A _ .  -- 

The only p r i o r i t y  on such targets we could agree upon was that  main b e l t  asteroids are I 

more important for  an ear l y  mission than e i t h e r  near-Earth objects o r  the Trojans. The 
co;nposi t i ona l  var ie ty ,  d i f ference i n  size, and large number o f  main be1 t objects co l  lec- 
t i v e l y  argue i n  t h e i r  favor as prime targets f o r  an ear l y  mul t i -astero id  rendezvous missioo. L 

The possible addit ions o f  a near-Earth astero id  f l yby  or  rendezvous. o r  of  a Trojan i n  the 
context of an extended mission ob ject ive was supported, provided tha t  main be1 t object ives 
could be sa t i s f ac to r i l y  maintained. Examples o f  such addit ions w i l l  have t o  be generated 
along w i t h  more main be1 t mu1 ti-rendezvous mission cases t o  evaluate t h e i r  impact. 

6. An Apollo o r  Amor (key l i n k  between main be1 t and meteorites, 
possible dead comet nucleus ) . 

Candidate experiments f o r  po ten t ia l  payloads on an ear l y  mu1 t i  -rendezvous mission were 
also discussed. I n  general, the enlphasis was upon proven designs t ha t  have e i t he r  already 
flown o r  have been proposed f o r  other remote-sensing missions such as Lunar Polar Orbi ter.  
Some proven f i e l d  and p a r t i c l e  detectors were also desired. A t yp ica l  ;)ayload might in-  
clude the fo l lowing ( the order i s  not s i gn i f i can t ) :  

, I 
! 
1 

I 

Imaging ( m u l t i f i l t e r .  probably CCD) 
Reflectance Spectrosc ,ly/Mul t i spec t r a l  Mapping ( v i s i b l e  t o  5 ufi) 
X-Ray Spectroscopy 
y-Ray Spectroscopy 
A1 t imetry ( c . ~ . .  radar) 
Gravimetry ( c ? . ~ .  . by Doppler t rack ing)  
Micrometeorite Detector 
Magnetometer 
Plasma F d r t i c l e  Detector 
Energelic Pa r t i c l e  Detector (low/medium energy). 

7. A Trojan (un'que types, possibly d i f f e r e n t  i n i t i a l  condit ions 
and evolut ion from main b e l t ) .  

t 
I .  

t 

I n  addit ion, the workshop considered a rough lander o r  penetrator as an addi t ional  
mission capab i l i t y .  One ro l e  f o r  such landers would be t o  obtain unique data on eleinental 
chemistry by implanting an a, proton-scatterincl experiment. Another would be to acquire 
extremely high reso lut ion imaging and measurement of  bulk surface proper t les  i n  support o f  
an eventual sample re tu rn  mission. Another a1 ternat i ve would be to ii!:plant several sei s- 
mometers on a s ing le  astero id  and to st imulate them w i  t i '  ac t i ve  charges t o  invest igate i n -  
terna l  structure. The uncertainty i n  the required mais conmi tntent t o  conduct such an 
ac t i ve  seismic experiment miide i t  d i f f i c u l t  t o  assess i t s  value compared t o  deploying 
s ing le  rough landers a t  each target .  The even nare fundamental trade between numbers of 
landers included versus reduction i n  t o t a l  number o f  targets could not  be adequately d is -  
cussed f o r  lack o f  mission performance data. Hence, the *-?le o f  :,1 pitu experiments i n  an 
ear l y  mu1 ti-rendezvous astero id  mission i s  l e f t  unresolved, pending improved de f i n i t i on  of 
experiment capab i l i t i es  and mission perfornunce trade data. 

We recognize the eventual importntlce and po ten t ia l  con t r ibu t ion  c,f sample re tu rn  mis- 
sions t o  dsteroid explorat ion. however. we reconmend that  the exact r o l e  and t iming o f  
sample re tu rn  be judged a f t e r  the resu l t s  o f  p re requ is i te  rendezvous missions are avai lable.  
Nonetheless. the design and planning o f  an ear l y  mu1 ti-rendezvous mission should, i n  turn, 
consider those object ives which would measurably add t o  the relevant planning o f  d possible ! 

f o l  low-on sample re t l r rn  s~ission. 
i I 

\ 
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DYNAMICAL EVIDENCE REGARDING THE RELATIONSHIP 
BETWEEN ASTEROIDS AND METEORITES 
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Meteorites are fragments of small so lar  system bodies (comets, 
asteroids and Apollo objects).  Therefore they may be expected 
t o  provide valuable information regarding these bodies. How- 
ever, the i d e n t i f i c a t i o n  o f  pa r t i cu l a r  classes o f  meteorites 
w i t h  pa r t i cu l a r  small bodies o r  classes of small bodies i s  a t  
present uncertain. It i s  very un l i ke l y  tha t  any s i gn i f i can t  
quant i ty  of meteor i t ic  mater ial  i s  obtained from typ ica l  ac- 
t i v e  comets. Relat ive ly  we1 1-studied dynamical mechanisms 
e x i s t  f o r  t ransfer r ing mater ial  i n t o  the v i c i n i t y  o f  the Earth 
from the inner edge o f  the astero id  b e l t  on an 2 1 0 ~ - ~  year t ime 
scale. It seems l i k e l y  t ha t  most i r o n  meteorites are obtained 
i n  t h i s  way, and a s i gn i f i can t  y i e l d  o f  complementary d i f ferec-  
t i a t e d  meteor i t ic  s i l i c a t e  mater ial  may be expected t o  accom- 
pany these d i f f e ren t i a t ed  i r o n  meteorites. Insofar  as data 
ex is t ,  photometric measurements support an associat ion between 
Apol lo objects and chondri t i c  meteorites. Because Apol l o  ob- 
j e c t s  are i n  o r b i t s  which come close t o  the Earth, and also 
must be fragmented as they traverse the asteroid b e l t  near 
aphel ion, there also must be a component o f  the meteorite f lux  
der ived from Apollo objects. Dynamical arguments favor the 
hypothesis t ha t  most Apollo objects are devo la t i l i zed  comet 
resiaues. However, p laus ib le  dynamical , petrographic, and 
cosmogonical reasons are known which argue against the simple 
conclusion o f  t h i s  syllogism, u i z . ,  t ha t  chondri tes are of 
cometary o r ig in .  Suggestions are given fo r  future theoret ica l  , 
observational, experimental invest igat ions d i rected toward 
improving our understanding o f  t h i s  puzzl ing s i tua t ion .  

INTRODUCTION 

The Earth, Moon, and t e r r e s t r i a l  planets are impacted by s o l i d  in terp lanetary  bodies 
ranging i n  mass from s10'15 g t o  1019 g. The t o t a l  mass f l u x  i s  a100 g/km2/yr, of which 
21 g i s  i n  the mass range from 100 t o  l o 7  g. About 10% o f  the mater ial  (meteoroids) i n  
t h i s  mass range survives ent ry  and passage through the atmospiiere. O f  t h i s  lo%, 4 . 1 %  i s  
co l lec ted from the Earth's surface and const i tu tes the co l lec t ions o f  metnorites housed i n  
museums. 

Petrological  and trace element invest igat ions are in terpreted as implying tha t  p r i o r  
t o  the recent onset o f  t h e i r  cosmic ray exposure, meteorites were i n  the i n t e r i o r  of bodies 
ranging from 10 t o  500 km i n  diameter. The chemical and mineralogical di f ferences between 
the various classes o f  meteorites are p r i n c i p a l l y  a consequence o f  differences i n  the com- 
pos i t i on  o f  these parent bodiee. 

The i d e n t i f i c a t i o n  o f  the parent bodies among various small bodies of the so la r  system 
i s  not  d e f i n i t i v e  a t  present. Candidate objects include comets, asteroids, the Apol lo-Amor 





F i reba l l  studies show t ha t  the more massive nonvolat i le  cometary mater ial  i s  abundant and 
t h i s  conclusion i s  strengthened by the evidence f o r  near ly-ext inct  and ex t i nc t  cometary 
nuclei .  Thus a t  l eas t  ha l f ,  and possibly 90% of even an ac t i ve  comet may be nonvolat i le  
dust and rocky matter. It i s  possible t ha t  a comet may be more l i k e  a breccia than an ice-  
berg, and t ha t  pieces of i c e  may be c las ts  i n  t h i s  breccia, as a consequence o f  H20 ant C02 
being as s o l i d  as anything e lse a t  the low temperatures which prevai led i n  the region i n  
which comets were formed. A t  present, most (and probably a l l )  comets are der ived fron~ the 
outermost regions o f  the so la r  syctem, the Oort cloud a t  a distance of l o4 - l o5  AU (0.1 t o  
1 1 ight-year) (Marsden, 1977). They become observable only when they are g rav i ta t iona l  l y  
perturbed by passing s tars  i n t o  the inner so la r  system. The v o l a t i l i z a t i o n  o f  t h e i r  H, C, 
N and 0 compounds p:oduces a ~ o m a  slob km i n  diameter, and an ionized t a i l  (up t o  % l o 7  km 
i n  length), which renders the comet v i s ib le .  

Comets are d e f i n i t e l y  associated w i t h  much o f  the in terp lanetary  f lux  of bodies impact- 
i ng  the Earth, inc lud ing those i n  the mass range (100 t o  l o 7  g) under discussion. This has 
been established by photographic studies o f  the o r b i t s  of these bodies as they enter  the 
atmosphere (Ceplecha and McCrosky, 1976), and comparison o f  these o r b i t s  w i t h  those of known 
comets. Pos i t ive i d e n t i f i c a t i o n  w i t h  pa r t i cu l a r  comets i s  possible i n  many cases. I n  many 
addi t ional  cases s i m i l a r i t y  o f  both o r b i t s  and physical propert ies (as ind icated by t h e i r  
ab la t ion o r  fragmentation i n  the atmosphere), t o  objects as5ociated w i t h  known c o ~ e t s  demon- 
s t ra tes t h e i r  cometary association. However, only three meteorite fa1 1s ( the undi f ferent i  - 
ated ordinary chondrites Pribram, Lost C i t y  and Inn is f ree)  dre contained among these photo- 
graphic meteoroids. As w i l l  be discussed fur ther  subsequently. t h e i r  o r b i t s  and physical 
properties, although well-determined, do no t  def ine a t  a l l  wel l  whether o r  not  they are a lso 
of cometary o r ig in .  

Asteroids are bodies ranging up t o  1000 km i n  diameter which are almost e n t i r e l y  con- 
f ined t o  the wide region between Mars and Jupi ter .  They exh ib i t  no coma of v o l a t i l e  com- 
pounds, and most 1 i kely  cons is t  o f  mixtures o f  s i l i c a t e s  and metal. Spectrophotometric 
studies (Chapman, 1976) are in terpreted as ind ica t ing  t ha t  d i f f e ren t  asteroids are o f  d i f -  
ferent  composition. They p r imar i l y  f a l l  i n t o  two classes: the most abundant C type, 
presumably containing an admixture o f  carbonaceous composition, and the S type, probably 
mixtures o f  s i l i c a t e s  and metal. Unl ike the comts,  d i r e c t  associat ion of photographic 
meteoroids w i t h  an astero ida l  source i s  not  possible, as the o r b i t s  of asteroids do not  
in te rsec t  the o r b i t  o f  the Earth. However, there are mechanisms by which the o r b i t s  of 
asteroidal  bodies can evolve i n t o  Earth-inteimecting o rb i t s .  These wi 11 be discussed i n  
the fo l lowing section. 

Apollo-Amor objects are small bodies ( t y p i c a l l y  ~1 km diameter, but  ranging up t o  
-30 km) w i t h  per ihe l ia  less than a ra ther  a rb i t r a r y  value o f  1.3 AU, and usual ly w i t h  aph- 
e l i o n  i n  the astero id  be l t .  These o r b i t s  are dynamically unstable on the time scale o f  the 
so lar  system, and l i k e  the meteorites they must be derived f r o m  sources elsewherc i n  the 
so la r  system, which probably include both comets and asteroids (Anders and Arnold, 1965; 
Wetheri 11, 1976). Their  Earth-crossing o r  near Earth-crossing nature i d e n t i f i e s  them as 
prime candidate meteoroid and meteori te sources (Anders, 1964; Levin et; a1 . , 1976; Wetheri 11, 
1976). However, up t o  the present no clear-cut o r b i t a l  i den t i f i ca t i ons  have been made, 
a1 though ten ta t i ve  i d e n t i f i c a t i o n  of a few Apollos w i t h  known small meteoroid streams has 
been proposed (Sekanina, 1973). Physical measurements show t ha t  a l l  but  one (1580 Be tu l ia )  
o f  the Apol lo-Anijr objects studied using these techniques resemble the S- type asteroids more 
than they do the C-type (McCord, 1978). These s t a t i s t i c s  are ce r ta in ly  biased i n  favor o f  
the higher albedo S-type objects. I n  any case, i t  i s  of i n t e res t  t o  note that  they are not  
a l l  o f  the same composition, and t h i s  range of compositions includes high albebc, s i l i c a t e  
objects resembling d i f f e ren t i a t ed  and undi f ferent ia ted s i l i c a t c  meteorites. 

It i s  hard t o  r u l e  out  the p o s s i b i l i t y  tha t  rnor: than a neg l ig ib le  f r ac t i on  of the 
meteo-oid f l u x  i s  derived from unknown c l a s s ~ s  o f  objects, as s~nal l ,  nonvolat i le  objects 
are very d i f f i c u l t  t o  observe teleccopical  l y .  The recent discovery o f  Chiron i s  evidence 
t ha t  we have no t  y e t  learned even a l l  the more qua l i t a t i ve  facts  concerning the d i s t r i b u t i o n  
o f  small bodies i n  the so la r  system. It i s  possible t ha t  there are small bodies s tab ly  



stored i n  inner so l a r  system o r b i t s  {of., Weissman and Wetheri 11, 1973), possibly i n  reso- 
1 ! ' i 

nances, which resemble those i n  which 1685 Toro i s  cu r ren t l y  trapped (Danielsson and Ip, ' i  , '  i 
1972; Wil l iams and Ye the r i l l ,  1973) bu t  which, un l i ke  Toro, are no t  destab i l ized by Mars' 

1, : 
I 1  

perturbations. Even an i n t e r s t e l l a r  con t r ibu t ion  cannot be e n t i r e l y  ru led  out, although ' . 
,' I 

o r b i t s  o f  photographic meteors show t h e i r  proport ions must be very small (SO.l%). 4 

During the l a s t  century opinion has sh i f t ed  t o  and f r o  regarding w i t h  which of these 
classes o f  candidate bodies one should associate meteorites. U n t i l  the l a s t  decade o r  two, 
the p reva i l i ng  opinion was p r imar i l y  determined by stochast ic f luc tuat ions a r i s i ng  from the 
small number o f  "experts," ra ther  than from an abundance o f  relevant data. However, dur ing 
the l a s t  few years there has been a great increase i n  the quant i ty  of experimental, observa- 
t l ona l  , and theoret ica l  data concerning meteorites, meteors, and t h e i r  candidate sources. 
I n  sp i t e  o f  th i s ,  serious problems o f  i d e n t i f i c a t i o n  o f  Earth-impacting bodies w i t h  t h e i r  
so lar  system sources remain. 

It might be thought t ha t  the gross d i f ference between typ ica l  cometary and astero ida l  1 ,  

o r b i t s  would make i t  r e l a t i v e l y  easy t o  d is t ingu ish  between cometary and astero ida l  sources 
once the o rb i t s  o f  meteorites are known. This i s  not  the case. I n  order f o r  astero ida l  
mater ial  t o  impact the Earth as a meteorite, i t  i s  necessary t ha t  i t  be placed i n t o  a more 
eccentr ic o r b i t  w i t h  per ihe l ion  w i t h i n  the o r b i t  o f  the Earth. On the other hand, comets 
o r  cometary residua w i l l  have shor t  dynamical l i f e t imes  i n  the inner  so la r  system unless 
t h e i r  o r b i t s  evolve i n t o  o rb i  t s  w i t h  aphelia ins ide  Jup i te r ' s  o r b i t ,  i - e . ,  become s im i l a r  
t o  the o r b i t  o f  Encke's comet (aphelion = 4.1 AU). Thus astero ida l  and cometary meteorites 
w i  11 have s im i l a r  o rb i t s ,  w i t h  Earth-crossing pe r i he l i a  and aphel ia i n  the astero id  be1 t. 
The d i s t i n c t i o n  w i l l  be f u r t he r  b lur red as a consequence o f  perturbat ions by Earth and 
Venus which w i l l  tend t o  "equ i l i b ra te "  the d i s t r i b u t i o n  o f  Earth-crossing o rb i t s .  It i s  
known from rad iant  and t ime-of - fa l l  s t a t i z t i c s  (Wetheri l l ,  1971) tciat a t  l eas t  ordinary 
chondri t i c  meteorites must evolve from i n i t i a l  Earth-crossing o r b i t s  w i t h  pe r i  he1 i a  near 

I '  1 j 

Earth and aphelia near Jupi ter .  Both astero ida l  and cometary sources can have t h i s  general , 

character is t ic .  However, more subt le  di f ferences e x i s t  which i n  the fu tu re  may he helpful  
i n  i d e n t i f i c a t i o n  o f  candidate sources. 1 :  : ; 

DVNAMICAL ARGUMENTS FOR AND AGAINST PARTICULAR IDENTIFICATIONS, 
CONSIDERED IN THE LIGHT OF OTHER EVIDENCE 

i : 
Asteroids I ,  I \ ,  

Purely dynamicat considemtions. Asteroids are strong prim fade candidates because ! f  , 
\ 

i t  i s  known tha t  co l l i s i ons  among the asteroids must provide a quan t i t y  o f  small debris l j  ,I I 
(1013-lo1= g annually) which would be m, e thdn adequate t o  supply the present f l u x  of ! 

Earth-impactin matter, pmtrided tha t  there e x i s t  mechanisms able t o  place a s u f f i c i e n t  
f r ac t i on  (%lo-?) o f  t h i s  mater ial  i n t o  Earth-crossing o r b i t s  on the shor t  time scale . 
(%lo6 y r )  def ined by the cosmic-ray exposure h i s t o r y  o f  meteorites. I t  i s  a lso necessary j .  

( 3 .  

that  the shuck damage associated w i t h  t h i s  t rans fe r  mechanism usual ly be l im i t ed  t o  that  I .  

associated w i t h  low shock pressures (10-100 Kb). I 

' 

D i f f i c u l t i e s  i n  f i nd i ng  such mechanisms have been a problem i n  the past. Suitable I ., 

mechanisms must be p r ima r i l y  g rav i ta t iona l  i n  nature, as c o l l i s i o n a l  shock associated w i t h  
more than small (5.1 AU) changes i n  semimajor ax is  i s  probably excessive. Grav i ta t ional  
perturbat ions o f  Mars-crossing and Mars-grazing astero ida l  fragments by Mars have been sug- 

. I gested as such a g rav i ta t iona l  mechanism (Arnold, 1965; Anders, 1964) but  u n t i l  recent ly  i t  
, 

I appeared th; t ,  except f o r  i r o n  meteorites, t h i s  mechani :I required t r a n s i t  times too long 
t o  be reconci led w i th  cosmic-ray exposure h is to r ies .  

I 
Prcduction o f  re1 a t i  vely low ve loc i t y  (5200 m/sec) fragments i n  proxinii t y  t o  various q 

regions i n  the astero id  be1 t i n  which the motion o f  fragments i s  i n  resonance w i t h  the mo- . 1 

t i o n  o f  the g i an t  planets has now been semi-quanti t a t i v e l y  shown t o  be an adequate source. 1 : 
I 
1 
, , 
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F a i r l y  la rge  ( 4 0 0  m) fragments w i l l  be proddced by c o l l  is ions i n  the v i c i n i t y  o f  the 
Kirkwood 2:l gaps a t  3.28 AU, i n  which the o r b i t a l  per iod i s  commensurable w i t h  the per iod 
o f  Jupiter. The r esu l t i ng  resonant motion w i l l  a t  times cause these fragments t o  be i n  
h igh ly  eccent:-ic o r b i t s  w i t h  aphel ia beyond 4 AU and per ihe l ia  -2 AU. These o r b i t s  w i l l  be ," 1 

stab i  1 i zed  by I i brat ional  re la t ionships which preclude close encounters t o  Jupi ter .  How- 1 

ever, s t a t i s t i c a l l y  probable co l l i s i ons  of these -100 m bodies w i t h  smaller astero ida l  4 

debris w i l l  produce low-veloci t y  meteori te-size fragments which w i l l  escape the 1 i bra t ion  
region and undergo strong perturbat ions by Jup i te r  near t h e i r  aphelion, which can cause ., 
t h e i r  pe r ihe l ion  t o  random walk i n t o  Earth-crossing on a shor t  (%lo6 y r )  time scale, and . , 
hence become meteorites when they impact the Earth (Zimnerman and Wether i l l ,  1973). This b 

chain of events has been c r i t i c i z e d  on the grounds t ha t  requ i r ing  two co l l i s ions ,  c lose I 

approaches t o  Jupi ter ,  etc., renders i t  too complex and by inference ad hoc t o  be taken i 
seriously. Such reasoning i s  fa l lac ious,  as there i s  no reason t o  suppose tha t  nature 
provides meteorites t o  Earth by mechanisms which are simple fo r  us t o  describe t o  one an- ) 

other i n  preference t o  those which are probable. The mechanisms described are rea l  phenom- 
ena o f  s i gn i f i can t  and estimable p robab i l i t y  which cannot f a i l  t o  occur. 

The p r inc ipa l  problem i s  a uan t i t a t i ve  one, as best estimates of the meteori te y i e l d  9 on Earth f r o m  t h i s  source are 10 - loe  g per year, and t h i s  estimate i s  uncertain by a t  
l eas t  an addi t ional  order o f  magnitude. Thus i t  i s  not c lea r  i f  a major o r  on ly  a minor 
pa r t  of the Earth's meteorites are produced i n  t h i s  way. Scholl and Froeschlh (1977) have i 
presented evidence  l at the mechanism described above m y  be more e f f ec t i ve  f o r  the 5:2 
Kirkwood gap than f o r  the 2:l case. Large asteroids i n  prox imi ty  t o  these Kirkwood gaps 
are l i s t e d  i n  Tables 1 and 2. 

4 

Table 1. Large Asteroids w i t h  Semimajor Axis i 
w i t h i n  0.1 AU o f  2 : l  Kirkwood Gap (3.28 AU) t 

Diameter Asteroid a e i B(1,O) Class , 4 
(km) ' 8  

- ' *  I 
j .I 

106 Dione 3.17 .18 5 8.8 C 139 , I  

511 Davida 3.18 .18 16 7.4 C 32 3 I '  

154 Bertha 3.18 -10 21 8.5 C 191 I 2 

92 Undina 3.19 .07 10 7.9 C 244 .. 3 

702 Alauda 3.19 .03 21 8.3 C 205 
3.20 6 C 119 

9 

758 Mancunia .13 9.6 , I 

175 Andromache 3.21 .20 3 9.6 C 113 
530 Turandot 3.21 .20 8 10.3 C 8 1 

i .'! 
i < 

381 Myrrha 3.21 .12 13 9.7 C 126 
108 Hecuba 3.22 .09 4 9.7 S 6 1 
122 Gerda 3.22 .06 2 9.2 C 139 I ! , 
895 He1 i o  3.22 .14 26 9.5 ? 

.07 14 745 Mauri t i a  3.24 11.0 ? 
903 Neal l e y  3.24 .05 12 10.9 ? 

C lass i f i ca t ions  and diameters from Morrison (197') and Zel l n e r  and 
Bowel 1 (1977), Bowel 1 e t  a l .  , (1978), and Bowel 1 (p r i va te  communication, 
1978). Absolute magnitudes from Gehrel s and Gl2hre;s (1978). 

I 

-- --- - - -- - - - -- - - -- - - - - - 

I 
Williams (1973) showed t ha t  c o l l i s i o n  fragments produced a t  low ve loc i t y  i n  the v i c in -  I 

i t y  o f  ce r ta in  secular resonant surfaces i n  (a,e,i) space (Williams, 1969, 1971) can be I 

perturbed d i r e c t l y  i n t o  Earth-crossing on the necessary shor t  time scale. Again, the quan- 
t i t a t i v e  y i e l d  i s  d i f f i c u l t  t o  estimate w i t h  cer ta in ty .  I .  

I 21 1 ,  : 1 



Table 2. Large Asteroids w i t h  Semimajor Axis 
w i t h i n  0.1 AU o f  5:2 Kirkwood Gap (2.82 AU) 

Asteroid e i B(1.0) C16-: Di  ame iel 
(km) 

146 Lucina 2.72 .07 13 
45 Eugenia 2.72 .08 7 

410 Chlor is 2.72 .24 11 
156 Xanthippe 2.73 .23 10 
140 Siwa 2.73 .21 3 
110 Lydia 2.73 .08 6 
200 Dynamene 2.74 .13 7 
185 Euni ke 2.74 .13 23 
247 Eukrate 2.74 .24 25 
387 Acquitania 2.74 .24 18 
173 Ino 2.74 .21 14 
308 Polyxo 2.75 .04 4 
128 Nemesis 2.75 .12 6 
71 Niobe 2.76 .17 23 
93 Minerva 2.76 .14 9 

356 L igur ia  2.76 .24 8 
?! kphne  2.76 .27 16 

1 Ceres 2.77 . O f  11 
88 Thisbe 2.77 .17 5 
39 L a e t i t i a  2.77 .11 10 
2 Pal las 2.77 .23 35 

148 Ga l l ia  2.77 .19 25 
532 Hercul i na 2.77 .17 16 
393 Lampetia 2.77 .33 15 
28 Be1 1 ona 2.78 .15 9 
68 Leto 2.78 .18 8 

139 Juewa 2.78 .17 11 
446 Aeterni tas 2.79 .07 11 
216 Kleopatra 2.79 .25 13 
354 Eleonora 2.80 -12 18 
346 Hermentaria 2.80 .10 9 
236 Honoria 2.80 .19 8 
441 Bathi lde 2.81 .08 8 
804 Hispania 2.84 .14 15 
385 I lmatar 2.85 .13 14 
81 Terpsichore 2.85 .21 8 

129 Antigone 2.87 -21 12 
47 Aglaja 2.88 .14 5 

471 Papagena 2.89 .24 15 
386 Siegena 2.90 .17 20 
238 Hypatia 2.91 .09 12 
22 Kal l iope 2.91 .10 14 
16 Psyche 2.92 . I 3  3 

674 Rachele 2.92 .20 14 
349 Dembowskd 2.92 .09 8 

Data from sas~e sol rcer as Table 1 



Wetheri 11 (1974, 1977) and Wetheri 11 and W i  11 lams (1 977) have proposed a "synerg is t ic"  
mechanism by which the nonlinear i n t e rac t i on  o f  secular resonance and Mars' perturbat ions 
can per turb a ra ther  la rge  y i e l d  (rolO1O g l y r )  o f  meteori te-s ize astero ida l  fragments i n t o  
Earth-crossing. The typ ica l  time required f o r  t h i s  mater ial  t o  impact the Earth i s  
4 x 106 years, bu t  a s i gn i f i can t  f r ac t i on  (-1%) can impact w i t h i n  50 m i l l i o n  years. The 
mechanism i s  proposed as the most probable source o f  i r o n  meteorites, and o f  some minor 
por t ion  o f  the s i  l i c a l e  meteorites, o.g., the d i f f e ren t i a t ed  basal t i c  act~ondri  tes. The 
asteroids which supply t h i s  mater ial  are those w i t h  semimajor ax is  -2.25 A:l, low inc l ina -  
t ions, and w i t h  eccen t r i c i t i es  which permit  the parent objects t o  corn! w i t h i n  s.05 t o  .1 AU 
o f  Mars' aphel i ~ n  f o r  favorable combinations o f  the long-period "secul s r "  vari;tions i n  the 
orb1 t s  o f  both the asteroids and Mars (Figure 1 ). Most o f  these asteroia: are S type, 
which have been suggested t o  be most l i k e l y  o f  "mesosideri te "  (mixed i r o n  and b a w l t i c  
s i  1 i ca te )  composition. The w s s i  ve n i c ke l - i  ron meteorites must come f r oa  sc-~ewher-e, and the 
combination o f  appropriate ca lcu la ted exposure age, y ie ld ,  and plausib'  ~ d c ; i  composi- 
t i o n  aques s t rongly  i n  support o f  t h i s  being the most l i k e l y  place. r ,  t h i s  i den t i -  
f i c a t i o n  a lso  reduces somewhat the p l a u s i b i l i t y  o f  obtaining the most ::~t classes of 
c h o n d r f t e s f r o m t h i s s o u r c e , a s t h i s i d e n t i f i c a t i o n o f S a s t e r o i d s w i t ~ ~  - ' t i c s i l i c a t e s  
argues against t h e i r  being a lso o f  undi f ferent ia ted chondri t i c  composi t . . . iiowever, the 
largest  ob ject  o f  t h i s  group (313 Chaldaea, 160 km diameter) i s  o f  carbonaceous composition 
(Chapman, 1977, p r i va te  comnunication) and may be expected t o  produce a small quant i ty  of 
carbonaceous meteorites, constrained by the associat ion o f  small y ie lds  w i  t h  shor t  t rans i  t 
times for  t h i s  source. 

LARGER ASTEROIDS NEAR SECULAR 
RESONANCE I., ( AFTER WLLIAMS . . 1969) 
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Fig. 1. Observed d i s t r i b u t i o n  o f  large asteroids i n  the inner 
por t ion  o f  the astero id  b e l t  and i n  the v i c i n i t y  o f  the v6 
resonance. The large open "c i r c les "  approximate1 y def ine the 
l i m i t s  o f  the Hungaria, Flora, Phocaea, and Pal las regions of 
the astero id  be1 t. 



Recwgnition of the evidence for metsorites being aeteroidzL r6golit.h~. A svlal 1 bu t  
s i g n i f i c a n t  f r a c t i o n  o f  s i l i c a t e  meteor i tes o f  a l l  c lasses are  r i c h  i n  i n e r t  gases s i . . , i l a r  
i n  chemical and i s o t o p i c  composit ion t o  the s o l a r  wind, c o r ~ t a i n  s o l a r  f l a r e  cormic-ra;. i 
charged p a r t i c l e  t racks,  i n  some cases gra ins  e x h i b i t i n g  microcra ters ,  and giassy a g g : ~ ~ t i -  1 

I nates. A l l  o f  these meteor i tes are  h igh l y  brecciated,  and t t ~ c  combination of  these features ! 

s t r o n  l y  suggests an o r i g i n  s i m i l a r  t o  t h a t  o f  the  l una r  rego i t h  (hajan, 1974). Anders 
(19757 has c a r r i e d  t h i s  argument f18-ther and has used the  r a t i o  o f  implanted s o l a r  wind and 

I 

g a l a c t i c  co :v ic - r~y  exposure t o  i n t e r  the h e l i c  e n t r i c  d istance a t  whf:h t h i s  r e g o l i t h i c  
mater ia l  was produced. Th is  distance turns  ou t  t o  be 4 t c  8 AU, bat  i s  model-dependent i n  
a number o f  ways. Rajan et d l .  (1978). and Schultze and Signer (1977) have i d e n t i f i e d  I : 

breccia c l a s t s  w i t h i n  both  chondr i t i c  and d i f f e r e n t i a t e d  gas- r ich  meteor i tes  whicn have 
radiogenic argon ages markedly youtiger than the more t y p i c a l  4 . 5  b i  11 i o n  year ;ge of o ther  ? 
c l a s t s  from the same breccia.  From t h i s  i t  i s  p l a u s i b l y  i n f e r r e d  tha t  the brecc ia  was 
asseribled subsequent t o  the younger o f  t h e w  ages. which i n  l n e  Lase jr, as recent as 
1350 m i l l i o n  years. 

I s  
I 
L 

In addi t ion ,  Turner (1969). Turner and Cadogan (1973). and Bogard c t  J I .  119761 have 
in te rp re ted  d is turbed rad iometr ic  age pat terns  i n  r e l a t i  vel  t h i g h l y  s h c k e d  ~ n e t c o r i  tes as 
i n d i c a t i n g  t h a t  t h e i r  parent bod j  wa.; invo lved i n  a ma;,r i r n r x t  evetl '  500 r n i l l i o n  year; 
ago (Heymann, 1967). However, i t  can a l so  be argued t h a t  t b  ? events are  not we1 1-dzted, 
and could represent a very recent event. asscciated w i t h  the c o l l i s i o n  whicC e,tablished 
the recent onset of  cosmic-ray Pxposurc. i n  con~hinat ion  w i t h  a sn~dl; ( ~ 3  \ r o t e n t a o n  o f  
radiogenic argot1 from i t s  previous h i s t o r y  Recent t heo re t i ca l  studies o f  t h e e v o l ~ t i s n o f  
Apollo-Amor ob jec ts  o f  e i t h e r  colnetary o r  as te ro ida l  o r i g i n s  shows t h a t  w!it?rl sc?cular reso- 
nance i s  included. an as te ro ida l  parent body cannot necessar i ly  be : . i fn r red frilrs ti?e..e ages 
even if they are i n te rp re ted  l i t e r a l l y  (Wethe r i l l ,  1918). I t  turns  out  t h a t  a b i q n i f i c a n t  
f r a c t i o n  (2.15' ) o f  Apol los are  t rans fe r red  i n t o  the Amor and Mars-crossing reg ion f o r  times 
as long as 2000 m i l l i o n  years, and then returned t o  Earth-crossing.  Thus an A p c ' l n  b j e c t  
of  cometary o r i g i n  can have been i n  the inner  s o l a r  system 500 111il1 i on  yearc aqo. l i d  'lavt 
developed some s o r t  o f  a r e g o l i t h .  However, a small,  1 km Apol ln  ob jec t  wou!c' seeir un- 
l i k e l y  t o  aevelop a fu l l - f i edged  l u n a r - s t y l e  reg01 i t h .  

Since there  are s t rong 'irguments aga ins t  meteor i tes being de r i vab le  +?om the r e g o l i t h  
of one o f  the  t e r r e s t r i a l  plarlets, and studies o f  lunar  mater ia l  snow L ~ S Y  are co t  ft-0111 the 
Moon, the  most p laus ib le  place t o  suggest f o r  t h e i r  source are  the surfaces of  la rge ( , . g . ,  
2100 km diameter) bodies i n  the as te ro id  region.  I f  so, t h i s  r e g o l i t h  cannot be a ! ;u r f ic ia l  
l aye r  on l y  a few meters deep, as as te ro id  c o l l i s i o n  ca l cu la t i ons  show t h a t  the  sass y j e l d  
fron: as te rc ida l  f ragnlenta t i o n  i s  do~~.'.:ated by deep and even t o t a l  1 y d e s t r u c t i  vc. ;mpac t s  
(Wethe r i l l ,  1967; Cohnanyi, 1969). Whether o r  not  a body w i t h  .< low surfacd g r a v i t y  o f  
311 as te ro id  can be expected to  possess such a deep r e q o l i t h  i s  no t  c l e a r .  Flany workers have 
argued against  dnything bu t  a very s u r f i c i a l  r e g o l i t h .  whereas Anders (1375) has -oncluJed 
tha t  i t  i s  poss ib le  t h a t  almost the e n t i r e  as te ro id  has had a r e q o l i t t t i c  h ist : i ry.  Coi~~bined 
theo re t i cq l  and exper i~ ;~en ta l  work d i rec ted  toward a d e t a i l e d  understanciin!l o f  ttic pr>!)able 
nature o f  .qn a s t e r o i a d ~  r e g o l i t h  i s  badly needed. A s t a r t  i n  t h i s  d i r e c c i o ~ .  I,JS been 111ade 
(Housen e t  JZ., 1977; Chapman, 1978). U n t i l  t h i s  i s  done i t cannot he s z i d  whether o r  not  
the e f f e c t s  7bserved are compatible w i  t h  t h i s  p laus ib le  but  undemonstrated associ.3tion. 

The f u l l  se t  o f  these r e g o l i t h  features are  observed i n  on l y  a few of  the qds-I-ich 
meteor i tes.  Th,. most c lea r -cu t  case i s  t h a t  o f  the h iqh l y  brecc ia ted basal t i c  d i  f f e r e n t i -  
ated weteorit.es, the howardites ( 2 . . j .  . Kapoeta), f o r  which the "syne rg i s t i c "  ~i~echanism of  
d e r i v a t i o n  from the inner  as te ro id  be1 t i s  proposed i n  the previous sect ion .  Less corlplete 
e f fec ts ,  such as presence o f  i n e r t  gas of  so la r  composition. i s  l ess  d e f i n i  t . v e ,  as unf r?  - 
t i ona ted  gas o f  t h i r  type was a v a i l a b l e  over a l l  o f  s o l a r  sycten h i s t o r y  at,d even e a r l i e r .  
I t  i s  probable tha t  formation o f  a r e g o l i t h  a t  a we i l -def  ~ n e d  h e l i o c e n t r i c  d istance i s  no t  
the on ly  way for  incorpora t ion  o f  t h i s  gas i n t o  i n te rp lane ta ry  ~ n a t e r i d l  . 



L'hmbut cmd minemtogicct evidence meteorites. Even the undi f ferent la ted 
chondri t i c  meteori t*s have had a complex chemical h is tory .  The v o l a t i  le-poor ord inary  
chondri tes have i n  many cases been heated and metamorphosed a t  temperatures as high as 
400°C (Van Schumus and Wood, 1967). Subsequent cool ing h is to r ies  several hundred m i l l i o n  
years i n  length have been in fe r red  from the extent t o  which Ni d i f fuses i n  the  s o l i d  s t a t e  
from Ni-poor a-Fe t o  N i - r i ch  y-Fe i n  the small b i t s  o f  me ta l l i c  Fe found i n  chondrites, as 
wel l  as i n  the d i f ferent ia ted i r o n  meteorites. I t  i s  no t  c lea r  how a small astero ida l  body 
could have experienced an ear l y  t h e ~ l  h i s t o r y  t h i s  extreme. However, the evidence f o r  an 
asteroidal  o r i g i n  i s  most strong f o r  basa l t i c  d i f f e ren t i a t ed  meteorites, and i t  has been 
d e m t r a t e d  t ha t  these objects experienced a melt ing event 4 . 5  x l c9  years ago. There- 
fore, i t  does not  seem extreme t o  suppose t ha t  o ther  asteroids underwent the less severe 
heating required t o  cxp la in  the textures and mineralogy found i n  chondri tes. If the only 
a1 ternat ive source turns out  t o  be comets. i t  must be remembered t ha t  there i s  no evidence 
t o  support a c la im t ha t  the i n t e r i o r  o f  a comet ever went through such a h igh temperature 
stage, o r  was massive enough t o  requi re  the long cool ing times observed. 

An her class o f  chemical arguments i s  based upon a presumably known re la t ionsh ip  
between the tenperatures a t  which meteorites were formed (as deduced fr,~n t h e i r  mineral- 
ogy, t race element, and oxyaen isotop ic  composition), and the he1 iocen t r i c  distance a t  
which these temperatures would be found (Larimer and Anders, 1967). However, these calcu- 
la t ions  requi re  t ha t  the present s ta te  o f  knowledge concerning the processes and condit ions 
o f  s t a r  and planetary system o r i g i n  i s  more secure than there i s  any reason t o  suppose i t  
t o  be. Such condensation theories a lso  f a i l  t o  exp la in  how such d i f f e r e n t  classes of 
asteroids, as in fe r red  from spectrophotometric and pols!-imetric data, are found a t  t i le  same 
hel iocent r ic  distznce. The var ia t ions i n  oxygen i so top ic  composition o f  pre-solar o r i g i n  
found between the d i f ferent  meteor! t e  classes (Clayton et aZ. , 1976; Clayton, 1978) i s  even 
more d i f f i c u l t  t o  exp?ain. These phe~omena appear t o  requi re  tha t  asteroids which were 
o r i g i n a l l y  formed a t  s i gn i f i can t l y  d i f f e r e n t  he! iocen t r i c  distance were subsequently mixed 
by an unknown physical mechanism. This nay wel l  have occurred. However, inasmuch as aster-  
oids may have moved since formation t h i s  wesitens the i d e n t i f i c a t i o n  o f  an astero ida l  o r i g i n  
based on an in fe r red  "asteroidal  b e l t "  distance o f  o r ig in .  

Relatiaship J - ~  apectrophotometric observations of asteroids to  the dynarticat eviZenee. 
During the l a s t  f i ve  years a large body o f  spectral  r e f l e c t i o n  data f o r  astero ida l  surfaces 
has been obtained (Gaffey and McCord, 1977; McCord, 19781. This permits a t  l eas t  ten ta t i ve  
i d e n t i f i c a t i o n  o f  the mineralogical nature o f  tbese surfaces, p a r t i c u l a r l y  the presence of 
opaque mater ials such as amorphous carbon, pyroxene and o l i v i n e  (Fe, Mg s i l i ca tes ) ,  and 
.m ta l l i c  i ron. This has l ed  t o  an astero ida l  taxonomy i n  which the S and C types, previous- 
l y  mentioned, are the most abundant clesses. (See papers i n  t h i s  volume by Morrison (1978) 
and by Zel lner  (1978).) 

A t  l eas t  one la rge  C type astero id  i s  located near the v6 resonant surface (21 3 
Chaldaea) and others are i n  proximity t o  the Kirkwood gaps (Tables 1 and 2) .  Assuming 
these asteroids are ~ndeed s im i l a r  t o  carbonaceous cttondrites, they are strong candidate 
sources f o r  meteorites. The Apollo-Amor ob ject  1580 Betu i ia  i s  also of presumed carbona- 
ceous compositions. The high geocentric ve loc i t y  o f  fragments o f  Betu l ia  would lead t o  a 
very small y i e l d  o f  mater ial  from t h i s  pa r t i cu l a r  object. However, the existence of one 
carbonaceous body among t h i s  group, together w i t h  the observational biases against such low 
albedo objects, argues tha t  there are l i k e l y  t o  be many more, inc lud ing some i n  low-veloci t y  
orb i ts .  

The S objects near the resonant regions mdy a lso be considered t o  be excel lent  parent- 
body candidates f o r  d i  f fe ren t ia ted  s i l i c a t e  and i r o n  meteorites. This i s  v a r t i c u l a r l y  t rue  
o f  those near the V 6  surface, ;n view o f  the agreement bet;reen t h e i r  calculated exposilre 
ages and those measured on i r o n  meteorites. The large astero id  4 Vesta has frequently been 
proposed as the source o f  the basal t i c  achondri t e  meteorites. I t s  re f lec tance spectrum i s  
I n  accord w i t h  t h i s  i den t i f i ca t i on .  However, i t s  per ihe l ion i s  so f a r  from Mars' aphelion 

1 and i t s  semimajor ax is  so f a r  from resonant value t ha t  there i s  no dynamical reason t o  
expect a s i gn i f i can t  y i e l d  o f  meteor~ces from t h i s  asteroid. It seems more l i k e l y  t ha t  
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differentiated s i l i c a t e  meteorites (achondri tes) are derived from the s i  1 i ca te  por t ion o f  
large S asteroids such as 6 Hebe and 8 Flora, the i r  smaller counterparts (some o f  which are 
l i k e l y  t o  be the i r  fragments), and Apollo-Amors derived from these bodies. Consolmagno and 
Drake (1977) hare questioned the va l i d i t y  of t h i s  inference i n  view of the near absence 
among di f ferent iated meteorites o f  the pe r ido t i t i c  residues of basalt formt ion,  and have 
proposed Vesta as a basalt ic achondrite source f o r  which only the s u r f i c i a l  basalt layer i s  
exposed. I n  view o f  the dynamical problems associated k i t h  th is  ident i f icat ion,  i t  seem 
premature t o  consider t h i s  l i n e  o f  reasoning def in i t ive;  rather i t  seems best t o  leave th i s  
matter open a t  present. It i s  not a t  a l l  c lear that  the co l l i s iona l  fragmentation of even 
Vesta was r u f f i c i e n t l y  mild t o  preclude considerable excavation o f  i t s  "mantle." It might 
be that  the excess o f  basalt ic achondrites re la t i ve  t o  t he i r  more u l  tramafic counterparts 
i s  a s t a t i s t i c a l  f luctuation associated wi th most o f  these meteorites being derived from a 
single Apollo-Amor tragment from the Flora region, which happened to  be a sample o f  a 
basalt ic port ion of a large S asteroid. 

I f  ordinary chondri tes do come from asteroids, i t  i s  becoming increasingly puzzling why 
almost none of the asteroids match the reflectance spectrum of a chondri te. I n  fact, only 
one main b e l t  asteroid ( t h  Apollo-Amor objects w i l l  be discussed separately) has been held 
to  be o f  ordinary chondri t i c  composition by spectrophotometric observers, ?dQ Ibmbziskd. 
Even th i s  ident i f i ca t ion  has beer1 questioned by recent in f rared data (Matson e t  at., 1977). 
Various explanations o f  t h i s  ili screpancy have been proposed: poor sampl i ng of asteroids , 
observation o f  only a s u r f i c i a l  layer o f  the asteroid, changes i n  reflectance caused by 
solar wind sputtering o r  micropart icle bombardment. However, plausible reasons for re ject-  
ing  these hypotheses can be given. 349 Dembowska i s  a large asteroid (144 km diameter) not 
too d is tant  from the 5:2 Kirkwood gap, from which meteorites could be derived (Scholl and 
Froeschli, 1977). However, there are many other large asteroids s imi la r ly  we1 1 si tuated 
which don't look l i k e  ordinary chondrites, but are largely normal S- and C-type asteroids. 
No mechanism i s  known which would preferent ia l ly  sample Dernbowska re la t i ve  t o  these others. 
S ta t is t i ca l  f luctuations i n  the recent inpact h is tory appear inadequate t o  explain the 
variety o f  ordinary chondrite classes o r  t he i r  d i f fe rent  exposure histories. 

I t  i s  p rac t ica l l y  cer ta in tha t  no meteorites i n  our col lect ions have been derived from 
h i s to r i ca l l y  observed comets. The shortest known cosmic-ray exposure age i s  that  of the 
ordinary chondrite Farmington (19,000 years! and t h i s  i s  unique. I n  contrast. the v o l a t i l e  
content o f  comets i s  insuf f ic ient  t o  continue the observed vo la t i l e  loss for more than 
l o 4  years. Furthermore, i t  i s  unl ike ly that  most meteorites are derived from comets during 
the act ive stage o f  t he i r  histot-y, as they are usually too massive t o  be swept along by the 
outflowing gases. A1 though meteorites could be freed from comets during more v io len t  come- 
tary outbursts, o r  following disruption while passing close to  the Sun, i t  seems most l i k e l y  
that  cometary meteorites, i f  they exist,  are derived from nonvolat i le residues of comets 
which are l i k e l y  t o  survive following the act ive l i f e t ime  o f  a short-period comet. This 
could be e i ther  from a core which was or ig ina l ly  nuntled wi th v o l a t i l e  ices, o r  a loosely 
aggregated col lect ion o f  meteori t ic fragments o r i g ina l l y  scattered through the i cy  material, 
o r  from ice-poor portions o f  a rego l i th ic  breccia. 

There i s  good, i f  not compelling, evidence that nonvolat i le residues of comets exist.  
There i s  a gradation i n  a c t i v i t y  between highly vo la t i l e  comets newly arr ived from the Oort 
cloud, and the short period comets. This trend continues down to  apparently severely vola- 
t i le-depleted short period comets, such as Encke (Sekanina, I971 ) and barely act ive comets 
such as Arend-Rigaux and Neujmin I. The natural end-members o f  t h i s  series are the non- 
v o l a t i l e  Apollo-Amor objects, and i t  has frequently been proposed that some or  a l l  o f  these 
bodies are ext inct  comets (Opi k, 1963; Anders and Arnold, 1965; Wetheril l and Williams, 
1968; Wetheril l , 1976). 



One shor t  per iod comet (Encke) i s  present ly i n  an o r b i t  w i t h  aphelion a t  4.1 AU, wel l  
w i t h i n  the o r b i t  o f  Jupi ter .  An o r b i t  o f  t h i s  k ind i s  r e l a t i v e l y  s tab le  w i t h  respect t o  
g rav i ta t iona l  perturbations, i n  cont rast  t o  Jupi ter-crossing bodies which w i  11 be ejected 
from the so la r  system i n  %los years. Sekanina (1971) has shown how the " j e t  e f fec t "  (non- 
g rav i ta t iona l  forces which are the react ion t o  the comet's emit tea dust and gas) has reduced 
Encke's aphelion t o  i t s  presetrt value dur ing the l a s t  %lo00 years. A t  present these forces 
are small, implying r e l a t i v e l y  l i t t l e  emission o f  gas, which i s  compatible w i th  Encke being 
nearly ex t inc t .  On t h i s  l i n e  o f  reasoning, i t  can be predicted t ha t  dur ing the next fed 
hundred yedrs, Encke w i  11 become an Apol l o  object. Nor does i t  appear t o  be alone. A num- 
ber o f  meteor streams are i n  o r b i t s  s im i l a r  t o  Encke, o f ten  w i t h  aphel ia even much fur ther  
w i t h i n  the o r b i t  o f  Gupiter. Heteors i n  these streams exh ib i t  physical  charac te r i s t i cs  very 
much the same as the Taurid meteors, known t o  be fragments o f  Encke iCep!echa and McCrosky, 
1976; Ceplecha, 1977a). It i s  most p laus ib le  that  these streams have been recent ly  der ived 
from unobserved ex t i nc t  comets, because the time required f o r  evo lu t ion i n t o  o r b i t s  as small 
as, f o r  example, t ha t  o f  the Geminids (aphelion = 2.6 AU), i s  t106 years (Wetheri l l ,  1976). 
I n  contrast the t ime during which a stream w i l l  remain coherent i s  t104 years. 

Fragments o f  ex t i nc t  conets are not  confined t o  the small, and usual ly  weak, sma:' 
meteors. Large objects, kilograms i n  mass, are associated w i th  these streams. There i s  
even evidence t h ~ t  very large (t100 ton) bodies are sometimes found i n  streams (Table 3) 

Table 3. F i r eba l l  x Orionids (Type 111) 
-------- - 

a e i 10 I! Date 
---- -- - - -. 

N. 4 Orionids 2.22 0.79 2 28 1 258 12/4-12/15 

EN041274 ( l o e  g)  1.98 0.76 3.5 282 252 12/4/74 
f.18 +.03 

EN021267 (14 kg) 2.20 0.79 3.9 283 250 12/3/67 
r.02 

S .  A Orionids 2.18 0.78 7 101 79 12/7-1211 

PM39469.850(1kg) 2.33 0.78 5 9 3 78 12/10/76 

Data from Ceplecha and McCrosky (1976) and Ceplecha (1977b). 

So i t  seems very l i k e l y  tha t  ex t i nc t  comets ex i s t  and tha t  large meteoroids derived 
from them impact the Earth. To a la rge extent the o r b i t s  o f  these meteoroids w i l l  be simi-  
l a r  t c  those derived from the astero id  b e l t  by the mechanisms discussed i n  the previous 
section. Are these meteoroids ever meteorites, i . e . ,  can they survive passage through the 
atmosphere and be recovered from the ground? No d i r e c t  evidence for t h i s  ex is ts  a t  present. 
However, there i s  c ircumstant ial  evidence tha t  t h i s  ray  be the case. Ceplecha and McCrosky 
(1976) have shown that  meteoroids i n  the 100 g t o  l o 7  g mass range d i f f e r  considerably i n  
t h e i r  physical  strength and a b i l i t y  t o  penetrate deeply i n t o  the atmosphere. Altnough i t  
i s  possible these di f ferences w i l l  prove t o  be gradational, those observed so far  f a l l  i n t o  
three classes, and can be discussed separately. 

Class 111, the weakest o f  a l l ,  i s  associated w i t h  a number o f  wel l -establ ished cometary 
meteor streams, and i s  nearly ce r t a i n  t o  be o f  cometary o r i g i n .  Class I 1  i s  s i g n i f i c L 7 t l y  
stronger. Some objects o f  t h i s  c lass a lso have d e f i n i t e  cometary associat ion ( c . g .  , Taur- 
ids  and Encke). Ceplecha e t  al. (1977) have obtained a spectrum of one of these bodies 
which had a terminal mass o f  70 g, and hence survived passage through the atmosphere. The 
spectrum shows strong CN bands and therefore contains carbonaceous matter. I t  seems most 
p laus ib le  t o  associate t h i s  body w i t h  a t  l eas t  some type o f  carbonaceous meteorite. 



The strongest type o f  f i r e b a l l  meteor i s  Type I. A l l  , hree f i r e b a l l  s photog? aphed by 
f i r e b a l l  networks which have been recovered as meteorites (o,.dinary 5 noncarbonaceous c h c t ~  
d r i t e s )  are o f  t h i s  class. Many f i r e b a l l s  (-113) f a l l  i n t o  t h i s  class. There i r  r:ery 
reason t o  be l ieve t ha t  any o f  them could have reached the ground if they had been l t r g ?  
enough, o r  had entered the atmosphere a t  s u f f i c i e n t l y  low ve loc i ty .  Their  t e n ~ i n a l  r :s 
d i s t r i b u t i o n  (Figure 2) indicates tha t  i t  i s  comnon for  both Type I and Type I 1  metsornids 
t o  survive atmospheric passage. Except f o r  the problem tha t  asteroids don ' t  ppear t o  be 
o f  ordinary chondr i t i c  composition, there i s  no pa r t i cu l a r  rpason why most o f  theye f i r e -  
b a l l s  could no t  be o f  astero ida l  o r i g i n ,  accelerated i n t o  Earth-crossing by one o f  the 
gent le  resonance g rav i ta t iona l  mechanisms discussed i n  the previous section. I f  sc., t h i s  
would oppose the present consensus t ha t  most meteors, both large and small, are der ived 1 

from comets. 

TYPE I1 FIREBALLS 
(CARBONACEOUS CHONDRITES?) I 

TERMINAL MASS (GRAMS) 

TYPE I FIREBALLS 

1 

TERMINAL MASS (GRAMS) 

Fig. 2. Observed d i s t r i b u t i o n  o f  P r a i r i e  Network f i r e b a l l  
terminal masses (Ceplecha and McCrosky, 1976). It i s  seen 
tha t  s i gn i f i can t  terminal masses are found f o r  both Type I 
and Type I 1  f i r e b a l l s .  Most f i r e ' * a l l s  belong t o  these 
classes. 



However, there a lso seem t o  be Type I and Type I 1  bodies i n  prim facie cometary 
o rb i t s ,  e.g. .  wi th  aphel ia beyond Jup i te r  o r  i t 1  retrograde motion. Many of these are c 
h igh atmospheric ent ry  ve loc i ty ,  >25 km/sec, and sca l ing t o  the ve l oc i t i e s  of the  Type I 
bodies ac tua l l y  recovered as meteorites may have caused them to  be erroneously assigned t o  
Type I. But t h i s  i s  not always the case. Six (23:) of  the P r a i r i e  Network f i r e b a l l s  
(kCrosky ct d l . ,  1977) are low ve loc i t y  (<?O km/sec) Type I bodies w i t h  aphelia (Q) be- 
yond Jup i te r  (see Table 4). These have low terminal masses consistent w i t h  t h e i r  small 
i n i t i a l  masses. I t  i s  very un l i ke l y  tha t  t h i s  i s  astero ida l  mater ia l  which impacted the 
Earth whi le  i q  tt.? process of being ejected from the so lar  system, as t h e i r  number i s  a 
factor o f  '10C la . rger  than the number calculated from studies o f  the o r b i t a l  evo lu t ion o f  
such mater ial .  I t  i s  ce r t a i n l y  possible that  these bodies are s im i l a r  t o  recovered me tw r -  
i tes ,  and if so i t  i s  only a matter c f  time before a s u f f i c i e n t l y  large one f a l l s  and i s  
recovered by a fi r0c.a; 1 network. provide.! there netwot ks remain operative. Most probably 
these bodies are of chondr i t ic  composition. but they could be c i t b e r  ordinary o r  carbo- 
ndceouz cho*,orites, as many carbonaceous chondrites are essen t i c l ' j  35  str-ong as 01. . t . a l y  
chondri tes,  and would be expected to  be obserked as Type I f i r eba l l s .  

Table 4. "Strong" Jupi ter-Crossing F i reba l l s  w i t h  Low Entry Velc r i  t y  

Number a 
e i V ~ ~ ~ ~ r  "INITIAL M~ Q 

(AU) (km/sec) 
Mi Type 

( 3 )  (4 )  (4 )  

/ I 'INITIAL i s  the i n i t i a l  photometric mass given by Ceplecha and McCrosky (1976). 
i 

MT i s  the terminal mass calculated by the formal procedure o f  Ceplecha and McCrosky 
(1976). Mf i s  the estimated photonletric mass near the end po in t  a t  28 km/sec. 

----- _ - _ _  ~ _ _ _ _  _ _ - - - _ _  _ -- ---. _ _ _ _ A - _ _ _ _  

If i t  can be shown that  i den t i f i ab l e  meteorites at'e associated w i t h  these more unusual 
o r b i t s  o f  cometary a f f i n i t y ,  i t  w i l l  be p laus ib le  t o  associate meteorites o f  the same class 
i n  more ordinary o r b i t s  w i th  ex t i nc t  comets. 

The f ac i  :hat Apol lo objects arc i n  Earth-c:-ossing o r b i t s  and are exposed t o  asteroid- 
a l  co l l i s i ons  near aphelion imp1 ies that a t  leaqt some Earth- in~pact ing nleteoroids must be 
derived from these bodies. Althouyh Amor objects are not  Earth-crossing a t  present. i t  has 
been shown (Wetheri l l .  1978) that  evo lu t ion of Apollos i n t o  Anlors at.' vice-versa i s  so rap id  
that  many Anlors must be former o r  fu ture Apollos. With regard t o  t h e i r  r o l e  as meteori te 
sources, the only questions are the quan t i ta t i ve  one of y ie ld .  and that  of t h e i r  mechanical 
strength. Calculations o f  the v i e l d  show that  t h i s  could be large enough to  supply the en- 
t i r e  f l u x  of chondri t i c  meteori (.~lO"/yr), and i s  a t  l eas t  high enough t o  supply %Iq:. 
o f  t r l is  mater ial .  No de f i n i t e  intormation regarding t h e i r  strength i s  avai lable.  



If some f i r eba l l s  could be associated w i t h  known Apol lo objects, such information could be 
obtained frm the end heights o f  these meteoroids. I t  i s  not obvious t ha t  such i den t i f i ca -  
t i o n  w i l l  be possible, as the exposure ages o f  stone meteorites are comparable t o  the time 
scale f o r  major o r b i t a l  evo lu t ion o f  Apol lo objects.  However, i n  the case of meteorites 
w i t h  very shor t  exposure ages, t h i s  could prove possible (Levin e t  at.,  1976;. 

One problem w i t h  i den t i f y i ng  the Apollo-Amor objects w i t h  ordinary chondri tes i s  tha t  
the radiants o f  chondrites (Astopovich, 1939; Sinnnenko, 1975) and time o f  f a l l  (Wetheri l l ,  
1968, 1969) are a t  l eas t  a t  f i r s t  s igh t  not  i n  agreement w i th  dynamical calculat ions of thp 
expected d i s t r i b u t i o n  o f  these quant i t ies .  This question needs t o  be examined i n  the l i q h t  
o f  more recent work on the aerodynamics of the ent ry  o f  f i r e b a l l s  i n t o  the atmosphere 
(Revel le, 1976) and the o rb i  t a l  evol ut ior l  of Apol lo-Amors (Wetheri 11 , 1978). 

As discussed previously, Apol lo-Amors are not  permanent residents of  the inner  so la r  
system, but  are der ived from an asteroidal  o r  comtary  source. o r  more l i k e l y ,  both. Thus 
they can be thought o f  as b i g  meteoroids which Carl fragment i n t o  small meteoroids, o r  im- 
pact the Earth before fragmentation. forming cratevs 1-100 km i n  diameter. Some of these 
bodies are probably the e x t i n c t  comets discussed eal - l ie r ,  whereas others can be derived , 
from the inner astero id  b e l t  (Levin e t  a l . ,  1976; h e t h e r i l l ,  1976, 1978). The r esu l t i ng  
o r b i t s  are simi l a r  i n  e i t he r  case (Wetheri 11, 1978). Dynamical considerations suggest tha t  
the cometary component should predominate. In te rp re ta t ion  o f  physical  observations leads 
to  an ambiguity. A l l  but  one o f  the Apollos f o r  which there are relevant data appear to be ! 
re la ted t o  e i t he r  ordinary chondri t i c  mater ial  o r  t o  S asteroids, ra ther  than t o  carbona- , 
ceous mater ial .  On cos~nochmlical grounds, most workers would i n t e rp re t  t h i s  t o  ind icate an ' 

asteroidal  o r ig in .  However, t h i s  argument could be turned around to  imply a cometary o r i -  
i h  

gin, d s  d consequence o f  spectrophotometric work showi~g  that  ordinary chondri t i c  mater ial  , 
i s  r a re  o r  absent i n  the aqteroid b e l t .  i 

A l l  three types o f  source bodies discussed w i i l  load to  the same general d i s t r i b u t i o n  
o f  meteori te and meteoroid o rb i t s .  These w i l l  predon~inantly be o r b i t s  o f  low inc l inat ior?,  
w i th  per ihe l ia  near Earth 's o rb i t s ,  and aphelia i n  the astero id  be l t .  F u l l  exp lo i ta t ion  o f  

I 
1 ' 

more subt le di f ferences i n  the d is t r ibu t ions  i s  l i k e l y  t o  requi re  more deta i led obser~a-  . . 
t iona l  data and improved theoret ica l  techniques. However, as discussed below, some tenta- ! I 

ti ve conc! usions are now possible and juggestions f o r  advancing our theoret ica l  understand- 
ing  can be made. I \  

SUMMARY AND SUGGESTED FUTURE WORK 

fi . 
The evidence i s  very strong t ha t  most d i f fe ren t ia ted  meteorites are derived froni :he 

astero id  be l t ,  e i t he r  d i r e c t l v  o r  throt~gh the i n t ~ r ~ d i a r y  cf  Apcllo-Amor objects. Soectro- , , ,  

photometric observations show there i s  opaque mater ial  w i t h  low albedo i n  the astero id  b e l t .  , I  . . 
I t  i s  l i k e l y  that  t h i s  i s  carbonaceous. Some o f  these asteroids are adjacent t o  resonances 
which can gent ly accelerate t h e i r  low ve loc i t y  c o l l i s i o n  spectra i n t o  Earth-crossing. Ex- 
cept for  the un l i ke ly  p o s s i b i l i t y  that  t h i s  mater ial  i s  too weak t o  survive atmospheric 
passage (Type I I 1  f i r e b a l l s ) ,  there should also be carbonaceous nleteori tes o f  astero ida l  i . 
o r ig in .  

I t  i s  also qu i te  possible tha t  some of our meteorites are cometary, probab!y der ived 
from ex t i nc t  cmets,  most o f  which w i l l  be i n  o r b i t s  such that  they would be i d e n t i f i e d  as 
Apol lo-Amor objects.  I f  so, these are 1 i kely  t o  be undi f ferent ia ted meteorites. They 
could be carbonaceous chondri tes, ordinary chondri tes, o r  both. I t  seems unl i kely  that  
ordinary chonclri tes are o f  both astero ida l  and cometary o r i g i n .  However, car*bonaceous 
meteorl'tes are so close t o  auzrage nonvola t i  l e  so lar  sys tem conlposi t i o n  that  t h e i r  compo- 
s i t i o n  does not  argue f o r  a u ~ i q u e  sovrce region. Some classes o f  carbonaceous meteorites 
could be asteroidal ,  others cometary. 

One might th ink tha t  the abundance o f  observational, theoret ica l  and experimental ev i -  
dence r e l t van t  t o  the problem o f  i d e n t i f i c a t i o n  o f  meteori te sources should permit more 



c lear -cut  i d e n t i f i c a t i o n s  t o  be made than seems t o  be the case. The reason i s  t h a t  tne 
evidence does no t  lead t o  an i n t e r n a l l y  cons i s ten t  so lu t i on .  Thus, by use o f  on l y  a por-  
t i o n  o f  the  a v a i l a b l e  evidence, i t  i s  apparent ly poss ib le  t o  come t o  more f i r m  conclusions 
tean wt:-,n a1 1 the evidence i s  considered. 

I t  i s  l i k e l y  t h a t  an e n t i r e l y  new sodrce o f  evidence, e . g . ,  re turned samples from 
astero ids  and comets, would re;:ly c l e a r  up the question. However, a t  the Dresent stage, 
i t  would appear useful t o  understand which l i n e  o f  evidence i s  lead ing us as t ray .  This 
suggests several  1 ines o f  i nves t i ga t i on .  

1. Perhaps the most stra ic lht forward problem would be t o  reso lve the 
quest ion  o f  whether o r  11ot the d i s t r i b u t i o n  cif chonar i i e  rad ian ts  
and t ime o f  f a l l s  i s  o r  i s  no t  compatible w i t h  d e r i v a t i o n  o f  most 
o f  these bodies from Apollo-Amor ob jec ts .  This w i l l  r equ i re  se- 
l e c t i o n  o f  a p l a u s i b l e  range o f  fragment s i z e  d i s t r i b u t i o n s  making 
use of ava i l ab le  o r  new hyperve loc i ty  impact data. This cou:d 
then be combined w i t h  bias-corrected Apol lo-Anor s t a t i s t i c s  
(smoothed by theo re t i ca l  steady-state cons idera t ions)  and an 
improved phys ica l  theory f o r  meteor i te  entry,  perhaps along the  
l i n e s  o f  ReVelle (1976) and Padavet (1977). Comparison o f  the 
t h e o r e t i c a l  rad ian t  and t ime o f  f a l l  d i s t r i b u t i o n  w i t h  t h a t  ob- 
served sholrld then permi t  us t o  know whether o r  no t  the  discrep- 
ancy i s  as ser ious as appears a t  f i r s t  glance. 

2. Spectrophotometric measurements on as tero ids  has l ed  t o  the con- 
c l u s i o n  t h a t  o rd ina ry  chondr i tes.  espec ia l l y  L and LL chondr i tes:  
a re  r a r e  o r  absent i n  the main as te ro id  b e l t .  On the nthet hand, 
there  are l a rge  as tero ids  adjacent t o  the 5:2 Kirkwood gap which 
probably cou ld  supply meteor i tes w i t h  the requ i red rad ian t  and 
time o f  f a l l  d i s t r i b u t i o n s  o f  chondr i tes.  Could these be o rd ina ry  
c h o n d r i t i c  bodies, t he  spect ra l  s ignature  o f  which has been ob- 
scured by surface a l t e r a t i o n  processes? P laus ib ie  arguments aga ins t  
t h i s  p o s s i b i l i t y  have been advanced, bu t  do no t  seem t o  be s u f f i -  
c i e n t l y  d e f i n i t i v e  t o  s e t t l e  the issue. Fur ther  labora tory  simu- 
l a t i o n  coupled w i t h  theo re t i ca l  s t u d ~ e s  o f  the basic phys ica l  
processes invo lved may be expected t o  be of  considerable value. 
These s tud ies  shcdld a l s o  shed add i t i ona l  l i g h t  on the o r i g i n  o f  
o the r  features, such as the absorp t icn  feature a t  %.65 um seen i n  
many S asteroids.  b u t  which i s  absent i n  noncarbonaceous meteor- 
i t e s .  Several explanat-ons o f  t h i s  feature have been given, bu t  
i t  i s  no t  c l e a r  t h a t  any of  them are  cor rec t .  When understood, 
t h i s  feature  could be i ~ o o r t a n t  i n  r e l a t i n g  the minera log ica l  
composit ion o f  meteor i tes t o  t h a t  o f  as tero ids .  

3. On a s u f f i c i e n t l y  shot t time scale, i.e.., 10:-10'1 years, t he  
o r b i t a l  evo lu t i on  of  p idnet -c ross ing bodies i s  de te rm in i s t i c  and 
can be handled by c l a s s i c a l  methods o f  c e l e s t i a l  mechanics. Hgw- 
ever, on longer t ime scales niul t i p l e  c lose planetary encounters 
occur and minor d i f fe rences i n  i n 1  t i a l  o r b i t s  r e s u l t  i n  gross ly  
d i f f e r e n t  f i n a l  o r b i t s .  Under these circumstances the system i s  
best  nlodeled s t a t i s t i c a l l y .  Although, l i k e  a r o u l e t t e  wheel, i t  
i s  s t i l l  i n  ~ r i n c i p l e  d e ~ e r m i n i s t i c ,  the in format ion requ i red t o  
make de te rm in i s t i c  p red i c t i ons  i s  no t  ava i l ab le .  Nevertheless, 
i n  both  cases, v a l i d  inferences o f  a p r o b a b i l i s t i c  nature  can be 
made. Discuss;on o f  the  l o n g - r ~ n g e  o r b i t a l  evq lu t i on  o f  p lanet -  
c ross ing bodies has been e n t i  r e l y  dependent on these s tochast ic  
methods (Opi k, 1951, 1977; Arnold, 1965; Wether1 11, 1968, 1977). 
However, there are  a number o f  assumptions and approximations nade 
i n  these s tochast ic  methods which have never been c r i t i c a l l y  



examined using the f u l l  range o f  c lass ica l  o r  conventional 
c e l e s t i a l  mechanical understanding which i s  avai lable.  I t  would 
be t r i v i a l  t o  show tha t  the stochast ic methods are not  rigl.rous 
and t r i t e  t o  \dy "they should be used w i t h  great caution." What 
i s  needed i s  a const ruct ive ly  motivated c r i t i c a l  study o f  these 
techniques, d i rected toward p lac ing them on a be t t e r  ~ n e o r e t i c a l  
foundation. This could al low us t o  have more confidence i n  
i n t e rp re t i ng  second-order differences between observed and 
theore t i ca l  o r b i t  d i s t r i bu t i ons  and t o  more quan t i ta t i ve  e s t i -  
mates o f  expected y ie lds  from various sources. 

4. A p r i nc i pa l  basis for  the inference t ha t  there i s  eeteor i  t i c  
mater ial  o f  cometary o r i g i n  i s  obtained from photographi; f i r e -  
b a l l  networks, p a r t i c u l a r l y  the P r a i r i e  Network (McCrosky e t  at., 
1977). However, the e f f o r t s  o f  these networks have p r imar i l y  
been d i rected toward meteorite recovery, and are s t rongly  biased 
against the most c lear-cut  occurrences o f  cometary o r ig in - -  the 
shower meteoroids. Meteoroids i den t i f i ed  as belonging t o  the 
major showers were no t  reduced i n  the P r a i r i e  Network invest iga- 
t ions, and Canadian Network data i s  not  reduced a t  a l l  unless a 
meteori te f a l l  i s  suspected. There are no cont inuing f i r e b a l l  
studies i n  the U.S. a t  present. I n  fact ,  a l l  o f  meteor science 
i n  the U.S. i s  i n  a s t a t e  o f  rap id  decline, fo l lowing withdrawal 
o f  both the NASA Anles Research Center and the Smithsonian Astro- 
physical Observatory froc: t h i s  f i e l d .  The inferences t en ta t i ve l y  
made previously s t rongly  suggest tha t  serious treatment of f i r e -  
b a l l  data may force rev is ion  o f  our present concepts of the 
p h y s i ~ a l  nature o f  comets, but t h i s  cannot happen unless some 
people work i n  t h i s  f i e l d .  

5.  Many o f  the arguments used t o  i d e n t i f y  meteorites w i t h  t h e i r  
sources arc based on rego l i  t h i c  analogs. Howcver, there i s  very 
1 i ttl e understanding of how reg01 i r h i  c propert ies may be expected 
t o  vary as a funct ion o f  he1 iocen t r i c  distance o r  o f  mass and 
composition on the body on which they occur. A s t a r t  i n  t h i s  
d i r ec t i on  has been made (Housen e t  aZ., 1977; Chapman, 1978). 
U n t i l  we understand much more quan t i ta t i ve ly  j u s t  what an aster-  
o ida l  o r  cometary r e g o l i t h  should look l i ke ,  inc lud ing charged 
p a r t i c l e  tracks, microcraters, agglutinates, etc.. we do not  
r e a l l y  know if meteor i t i c  evidence favors o r  disfavors pa r t i cu l a r  
r ego l i  t h i c  iden t i f i ca t ions .  

6. There f s  a t  FVesent no theor) adequate to  explain even qua l i ta -  
t i v e l y  the o r i g i n  o f  the p r inc ipa l  features o f  the astero id  be1 t, 

i j .  
e .g . ,  i t s  small mass content, r e l a t i v e  ve loc i t y  d i s t r i bu t i on ,  
Kirkwood gaps and mixed chemical composition. Development o f  a I !  
theory o f  t h i s  k ind w i l l  requi re  a much more quan t i ta t i ve  under- 
standing o f  the o r i g i n  of  s tars  and planetary systems i n  general, 
and the Sun and planets of  our so lar  system i n  par t i cu la r .  There 
has been renewed i n t e res t  i n  these problems during the l a s t  few 
years, but  the goal i s  s t i l l  d is tant .  

One can be hopeful tha t  invest igat ions alcng the l i nes  suggested above would help 
considerably i n  construct ing an i n t e rna l l y  consistent framework i n  which t o  view the prob- 
lem o f  i d e n t i f i c a t i o n  o f  meteorites w i t h  t h e i r  sources. 
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This shor t  l i s t  o f  suggestions f o r  fu tu re  work i s  i n  no sense intended t o  be complete. 
For example, i t  i s  obvious t ha t  the f u l l  se t  o f  chemical, pet ro log ica l ,  and i so top ic  labo- 
ra to ry  work on meteorites i s  essent ial  t o  a co r rec t  understanding o f  the re la t ionship of 
meteorites t o  t h e i r  sources. Much more needs t o  be done. It i s  un l i ke ly ,  however, tha t  
such invest igat ions would lead t o  the q u a l i t a t i v e l y  d i s t i n c t i v e  revelat ions which have 
followed actual spacecraft missions t o  the Moon and planets. "Ground t r u t h "  and sample 
re tu rn  may be expected t o  be the u l t ima te  answer t o  the i den t i f i ca t i on  of meteorites and 
t h e i r  source, and t o  the r ea l i za t i on  o f  the geological context i n  which these small b i t s  
o f  pr imordial  mater ial  should be viewed. 
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D l  SC3SSION 

ARNOLD: I tend t o  t r u s t  very much the argument t h a t  we d o n ' t  get  1:leteorites froni the  Moon 
because o f  the 2.3 kmlsec requ i red  e j e c t i o n  v e l o c i t y .  I 

WETHERILL: I be l i eve  t h a t  argument, too. I t  i s  d i f f i c u l t  t o  quaq t i f y  because i t  requ i res  
q u a n t i t a t i v e  knowledge o f  the impacts o f  l d rge  ob jec t s  on the Koon. I t  cou ld  be t h a t  
there  haven' t  been any l a rge  i~npacts on the Morn i n  the l a s t  fed  ~ l l i l l i o n  years and 
the re fo re  t h i s  mechanism would n o t  be expected r o  con t r i bu te  nluch t o  the r e t e o r i t e s  
i n  our co l l ec t i o r i s .  A  skep t i c  cou ld  ge t  around t h i s  argulilent i n  t h i s  way. I n  our  
t h i n k i n g  on t h i s  problem i n  the l a s t  several v a r s  we have looked f o r  niou.e gen t l e  
methods f o r  t r a n s f e r r i n g  ma te r i a l  from the a s t e r o i d  b e l t  t o  Ear th-c ross i r , l  regions 
r a t h e r  than d i r e c t  impact and h igh  v e l o c i t y  t r ans fe r .  

CHAPMAN: What would be the y i e l d  of chondr i tes fro111 Earth-approaching oh jec t s  if you 
vr.;n!?d t o  assume they were a l l  o rd inary  chondr i tes? 

WETHERILL: About !OR g l y r .  bu t  t h i s  number i s  uncer ta in  by a t  l ~ i l s ?  :,c vr.aer o f  riagni tude. 
There are m r e  ser ious  problems w i t h  an Apol l o  nieteori t e  qooi-ce. Dne i s  t h a t  if you 
wish t o  b e l i e v e  t h a t  Apol los are der ived from the d s t e r o i d  b e l t .  i t  i s  necpssary t o  
s t r e t c h  the  cs t i r i~a tes  o f  t h e i r  o roduct ion  ra tes  by a  f ac to r  o f  ~ 1 0 ,  poss ib l y  more. 

ARNOLD: Dnes t h a t  problem a l s o  extend t o  the  d i s t r i b u t i o n  o f  eccen t r i c i t i e r , ?  
WETHERILL: I don ' t  r e a l l y  t h ink  30. I n  your  work you had very small sernina.i3r axes and 

r e l a t i v e l y  low e c c e n t r i c i t i e s .  The v6. resonance chanyes t h a t  resul: a I c t .  There are  
s l  i yn t  d i f f e rences  bet ieen the o r b i t s  o f  Apol los and o r b i t s  der ived from tne d i f f e r e n t  
regions o f  the as te ro id  b e l t  o r  those der ived frorri o r b i t s  l i k e  Cornet Enckc. But they 
a re  n o t  nea r l y  as extreme as they used t o  be. \ 
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PRECEDING PAGE BLANK NOT F I L m  

As a r e s u l t  of  t he  heterogeneous d i s t r i b u t i o n  of  t h e  i:. tooes 
of oxygen i n  the e a r l y  so;ar nebula, the  var ious planets,  
astevoids and meteor i tes have i s o t o p i c  l abe ls  which permit  
recogn i t i on  o f  samples der ived from common sources. It i s  
thus poss ib le  t o  see genet ic associat ions between meteor i te  
classes, such as group I 1  E i r o n s  w i t h  H-group o rd ina ry  
chondri tes, and e n s t a t i  t e  meteor i tes a i  t h  the Ear th  and Moon. 
These associat ions he lp  i n  def;ning the  complexity of  t he  
parent bodies, and i n  d e t e n i r - i n s  t h e i r  reg ion o f  o r i g i n  
w i t h i n  the  so la r  system. 

Th2re a re  two poss ib le  explanat ions f o r  the  i s o t o p i c  heterogenei ty o f  the nebu?a: 
pre-5o:ar so l  i d  gra'ns enr iched i n  160, o r  a nuc leosynthet ica l  l y  processed gas i n j e c t e d  
in?:: the nebula i o l  lowed by r a p i d  condensation. The h ighest  concentrat ions o f  the 160- r ich  
c:mponent are found i n  high- temperature condensate minerals i n  C3 carbonaceous chondri tes  . 
It~i s observat ion i s  cons is tent  w i t h  the pre-so lar  g r a i n  hypothesis if these gra ins  were re-  
f rac tory  minerals which served as condensation n u c l e i  f o r  t he  s o l a r  system condensates. I f  
the 160- r ich  component was introduced i n t o  the  s o l a r  nebula from a nearby suoernova explo- 
sion, then the  high-temperature condensates i n  C3 meteor i tes were probably formed i n  the  
outermost pa r t s  o f  the  s o l a r  nebula nedr the supernova s h o c ~  f ront .  
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The oxyqerl i s o t o p i c  compositions of the major stony and s tony- i ron meteor i tes are 
shown i n  Figure 1, on a graph o f  170/160 versus 180/ 160. The oxygen i s o t o p i c  compositions 
of mat ter  i n  t he  e a r l y  s o l a r  system were modi f ied by a t  l e a s t  two processes: (1 ) a d d i t i o n  
of  t he  160-r ich component, which displaces the covposi t i o n  toward the lower l e f t  o f  the 
graph, a long a 1 i n e  of  u n i t  slope; (2 )  mass-dependent i s o t o p i c  f r a c t i o n a t i o n  associated 
w i t h  chemical o r  phys ica l  processes, which displaces the composit ion along a l i n e  o f  
s lope 112, i n  e i t h e r  d i rec t i on ,  depending on the p a r t i c u l a r  process. The heavy l i n e  i n  
Figure 1 i s  the  locus o f  compositions o f  t e r r e s t r i a l  mater ia ls ,  and i l l u s t r a t e s  the  e f fec t  
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INTRODUCTION 

I n  order  t o  understand the imp l i ca t i ons  o f  a l l  of  t he  d e t a i l e d  measurements which are  
made on meteor i tes,  we must sonehow e s t a b l i s h  t h e i r  " f i e l d  r e l a t i o n s "  r . i t h i n  the s o l a r  
system. We need t o  i d e n t i f y  t h e i r  parent bodies, and reconst ruc t  t h e i r  h i s t o r i e s  o f  con- 

. - 

1 .  
densation and accre t ion .  Oxygen iso tope " f i n g e r p r i n t s "  prov ide a unique method g i v i n g  1 

in format ion on the number o f  parent bodies represented by the meteor i tes.  The s o l a r  
nebula was c o t  completely homogenized w i t h  respect  t o  the isotopes o f  oxygen p r i o r  t o  
condensation and acc re t i on  o f  the  p lanets  and meteor i te  parent bodies (Clayton c t  a:. , 
1973). Ma te r ia l s  which condensed i n  d i f f e r e n t  regions o r  a t  d i f f e r e n t  times acquired v a r i -  
ab le  proport ions o f  a component enr iched i n  160. This i s o t o p i c  " f i n g e r p r i n t "  remains w i t h  
the mater ia l ,  and no amount o f  chen~ical  processing o r  m3ss-fract ionat ion can erad icate  it. 



Fig. 1. Ohygen i s o t . o p i ~  composit ions o f  var ious nleteori t e  qrcups. F rd ina te  i s  
173 /  l"0, dl, ' abscissa i s  1 H O / 1 6 0 ,  bo th  expressed as perrni 1  (pd r t s  per thousand! 
d e v i a t i o l ~ s  trom an arbitra1.y t e r r e s t r i a l  standard (SMOW). Tbe hedvy l i n e  w i t h  
s l3pe 1/2 i s  the  lccus o f  a l l  t e r r e s t r i a l  ma te r i a l s ,  wnich 5pread along the 
1  i ne  due t o  mass-dependent i s o t o p i c  f r a c t i o n . ~ t i o n .  The mean ~ a l u e  f o r  tne 
Ear th  i s  p;-obab!y i n d i s t i n g u i s h a b l e  from t h a t  f o r  the Moon. The ddshed l i n e  
w i t h  u n i t  s lope i s  the ex t rapo la t i on  o f  the It1O mix ing  l i n e  b h e r v e d  i n  sew-  
ra ted  phases o f  C 3  cbondr i tes,  most o f  wh'ch are  off-;ca;e t o  the lower l e f t  3 f  

t h i s  f i gu re .  A n a l y t i c a l  unce r ta in t i es  i n  the  data d r e  sonlewhdt s l~ la l le t -  thdn 
the p l o t t e d  po in t s .  

,I I 1 I .  ' top ic  conipositions on Ear th  i s  n t ? u t  s i x  ti ldes as qreat  as the span o f  F igurs  1 .  The 1 

o f  mass- f rac t ionat ion  processes . ~ i  t h i n  a  s i n g l e  p lane t .  The ac tua l  range o f  o :n t> r~ed  i s o .  

# I  I f dashed l i n e  i n  F igure  1  i s  the ~ n i x i ~ q  l i n e  o f  u n i t  s lope which i s  qenerated hy i n d i v i d u d l  

i I ; i nc lus ions  and n i i n ~ r a l  samples from several  C 2  and C3 n~e teo r i  tes (Clayton i.' , I . ' .  . l Q 7 7 j .  b 
The observed range o f  con~pos i t ions  extends w e l l  o f f  the d iaqra~n t o  values o f  <IR(! o f  - t O  . 

i ; The va r i a t i ons  i n  composit ion o f  a l l  o f  the  o the r  meteor i tes  are  p,'esumably due t o  a  



canbination o f  these two processes o f  mixing and f ract ionat ion.  Thus meteorites l y i n  % dbove the t e r r e s t r i a l  l i n e  (Cl, ordinary chondri tes, I I E  i rons)  contain less of the ' 0- 
r i c h  component than the Earth. whereas the C2, C3 carbonaceou; chondrites and most of  the 
d i i f e ren t i a t ed  meteorites contain more than the Earth. 

I t  sholild be considered whether a p lsnet  o r  meteori te parent bop;. mipht, as a conse- 
quence o f  heterogeneous accretion, be i n t e rna l l y  heterogeneous w i t h  respect t o  oxynen iso-  
t o p s  ( i n  addi t ion t c  the obvious e f f ec t s  o f  isotop ic  f ract ionat ion) .  The evidence  fro^ 
t e r r e s t r i a l  and lunar samples s t rongly  indicates tha t  a l l  mater ials s.impled have corn om 
a s ing le  homogenized reservoir ,  as would be expected f o r  such large d i i fe ren t ia ted  bl tes. 
At the other extreme, i t  i s  know,, t ha t  C2 and C3 carbonaceous chondrite? are i so top '~d1  l y  
heterogeneous on a submill imeter scale. The evidence bearing on h~moger~ei ty  i n  parent 
M i e s  o f  o ther  meteorites i s  less d i rec t .  For exanple, a l l  L ;r.;d LL chondri tes apoear 
t o  3e derived from a comnon reservoir ,  possibl) a s ing le  parent bcdy, ana a l l  H chondrites 
are derived from some other reservoir ,  a lso possibly a s ing le  parent body. I t  i s  obviously 
impossible. i n  pr inc ip le ,  t o  d is t inguish between two noninteract ing r eg ims  of a s ing le  
parent, on the one hand, and two d i s t i n c t  parents on the other. However, lack ing any ev i -  
dence i n  favor o f  large-szale in te rna l  heterogeneit ies, I sha l l  assum tha t  i so top i ca l l y  
d i s t i n c t  source reservoirs imply d i f f e r e n t  parent bodies. 

I n  the fol lowing sections, the various major meteorite grou$; ~i 11 be discussed, w i t h  
particu!ar referer.:e t o  the in te r re lz t ionsh ips  among aroups and the inferences u i t h  respect 
to  t h e i r  parent bodies. 

CARBONACEOUS CHONDRITES 

It Ci.? be seen i n  Figure 1 t h ~ t  the C1, C2, and CJ meteorites occupy three d i s t i n c t  
regions 6,' the oxygen isotope diagram. The C2s are a special case, since they are composed 
o f  approximately equal amounts o f  h i  yh--temperature anhydrous s i  1 icates (01 i vine and pyrox- 
ene) and a low-temperat-lre phy l l o s i i i ca te  matrix. The region o f  Figut-e 1 labeled C2 i s  for  
the nlatrix material; the data f o r  o l i v i n e  and pyroxene are d i s t r i bu ted  along the 150 r i x i n g  
l i n e  determined by the minerals from C3 meteorites. C1 and C2 matr ix mater ials are d i s t i n c t  
f r o m  one another and, in terest ing ly ,  l i e  on o p p o s i t  sides o f  the te r res t r ia :  f rac t iona t ion  
l i ne .  They c l ea r l y  represent d i f f e r e n t  source regions. Since both types are thcught t o  be 
very p r im i t i ve  so lar  sy5tem materials, and since many asteroids appear t o  be s im i l a r  t o  C1 
or  C2 meteorites, i t  i s  t o  be hoped that  observations o f  asteroids can be improved t o  a1 low 
d i s t i n c t i on  between these two types o f  mater ial  . 

The d i f ference i n  isotop ic  compositions between C1 and C2 matr ix requires that  tney be 
iormed from nebular gasec o f  d i  f t e ren t  isotop ic  compositions, separated e i t h e r  i n  space o r  
i n  time. Since both C1 meteorites and :2 matr ix cons is t  o f  hydrous s i l i c a t e s  formed a t  low 
temperatures, probably by in te rac t ion  w i t h  water vapor i n  a nebular gas, the i so top i r  d i f -  
ference between the two groups imp1 ies gaseous regions o f  the nebula w i t h  d i f fe ren t  160 
abunuances. The C1 mater ial  could be derived from the same source as the H-group ordinarv 
chondri tes, since these two groups appear t o  l i e  along a comnon f rac t iona t ion  1 ine. Ther-. 
i s  no group o f  chondri tes bearing a s im i l a r  r e l a t i o n  t o  the C2 matr ix mater ial .  However, 
the unique chonarite Kakangari and the achondri t ic par ts  c f  Bencubbin ard Weatherford may 
have such a re la t ionship.  I n  each case. the temperature e f f ec t  un t h t  isotop ic  f ract iona-  
t i o n  between gas and so l ids  would account f o r  the enrichments i n  heavy isotopes i n  the low- 
temperature phyl l o s i  1 icates re la  t i  ve t o  the higher- temperature 01 i v i n e  and pyroxene. (Note 
tha t  no low-temperatare phyl l o s i  1 i ca te  counterpart t o  the L-group chondri tcs  has y e t  been 
observed. ) 

Although thv C3 neteor i tes are i so top i ca l l y  heterogeneous on a submil 1 imeter scale 
(Clayton e t  a l . ,  1977), t h e i r  bulk i so top ic  compositions are very s im i l a r  t o  one another, 
and only subt le di f ferences between the subciasses C39 and C3V are detectable. Detenina-  
t i o n  o f  the locat ion and mode of o r i g i n  o f  these meteorites i s  of the utmost import3nce i n  
deducing so lar  system history,  since they are the p r inc ipa l  hosts o f  the nucleosynthetic 



isotope anomalies i n  oxyger,, magnesi m, calcium, ba r i  um ar~d neodymi um (Clay ton e t  a l .  , 
1977; Lee e t  at.. 1977; Lee e t  a l . ,  i978; McCulloch and Wasserburg, 1978). I n  the case o f  
the anomalies i n  minor eletnents, t h e i r  observation i n  C3 meteorites may simply r e f l e c t  
more favorable condit ions f o r  preservation. However, i n  the case o f  the oxygen anomaly, 
the bu lk  meteorites show a greater 160-excess than any others, w i t h  the exception o f  the I 

I .  
unusual pd l  l a s i  tes Eagle Stat ion and I tzawisis.  The C4 meteorites Karoonda and Coolidge i 
have oxygen i so top ic  compositions which are essen t ia l l y  the same as the C3s. The in te rna l  I 

i so top ic  f rac t iona t ion  among minerals i n  C4s i s  consistent w i th  metamorphic recrysta l  1 iza-  
i i o n  a t  a temperature near 600°C (Clayton e t  a;.,  1977). 1 )  

f I 

A few carbonaceous chondrites have unique i so top ic  compositions, and do not f a l l  wi th- 
i n  the three main groups. A1 Rais and Renazzo, c m l o n i y  classed as C2, have d i s t i n c t  com- 
pos i t ions un l i ke  the C2 group. rlokoia, usual ly  classed as C3, has an i so top ic  composition 
which appears t r ans i t i ona l  between C3 and C2. i ; 

I n  addi t ion t o  macroscopic carbonaceous chondri te meteorites, fragments o f  s im i l a r  
mater ial  have been observed as inclusions i n  o ther  meteorites (Wilkening. 1978). Some o f  
chest! have been found t o  have isotop ic  compositions d i f f e r e n t  froid the main carbonaceous 
chondri te groups. a1 though most are ra ther  s im i l a r  t o  the C2 group chemically and i so top i -  
c a l l y  (Clayton and Mayeda, lQ78a). Thus, i t  would appear tha t  condit ions f o r  production 

i 
o f  C2-l ike mater ial  occurred i n  many places i n  the so la r  system; the observation many 
asteroids w i t h  C2-l ike surfaces (Chrpman e t  a l . ,  1975) i s ,  o f  course. co t~s is ten t  w i t h  t h i s  
observation. 

ORDINARY CHONDRITFS 

Two d i s t i n c t  source reservo i rs  are required f o r  the ord'nary chondrites: one for  the 
group, another f o r  the L and LL groups. The l a t t e r  two are not  resolved from one an- 

bcher, and could be chemical d i f f e ren t i a t es  from the same sour-e. The two reservoirs are 
displaced from one another i n  the d i r ec t i on  o f  160 mixing, implying condensation under . I 

- r - .  
s im i l a r  condit ions from two i so top i ca l l y  d i s t i n c t  par ts  o f  the nebula. 

. . . ::g -"i .Lj :3 
Possible associat ion o f  H-group chondrites w i t h  C1 chondrites has been discussed above. 

They may a lso have been derived from the same oxygen reservo i r  as the s i l  icates i n  t y ~ e  I I E  
i rons (Clayton and Mayeda, 1978b). There i s  no genetic associat ion between the ordinary 
choadri tes and any o f  the achondri tes. I n  fact, where chondri t i c  and achondri t i c  fragnlents 
t r e  folrnd together i n  brecciated meteorites, they are found t o  have d i s t i n c t l y  d i f f e ren t  
oxygen i;otope abundances, thus requi r ing der ivat ion from separate parent bodies (Clayton 
and Mayeda, 1978a!. 

ACHONDRITES, MESOSIDERITES AND PALLASITES 

Most o f  the d i f f e ren t i a t ed  stony ar:d stony- iron meteorites f a l l  i n t o  a s ing le  group i n  
the oxyyen-isotope diagram. This class includes the eucr i tes, howardites and diogenites, , 

as wel l  as the mesosiderites and pa l las i tes .  I t  also includes the wel l -studied achondrite I 
Angra dos Reis. the igneous d i f f e r e n t i a t i o n  o f  which was complete 4.55 Gy ago (Lugmair ?nd 
;.iarti, 1977; Wasserburg e t  ul., 1477). Were d l 1  o f  these meteorites derived from the same 
parent body? Differences i n  i n i t i a l  e 7 S r / 8 6 S r  imply t ha t  they were not. Nevertheless the I !  
uniformity o f  oxygen isotop ic  c~mposi+ ion requires tha t  t h i s  large group of d i f fe ren t ia ted  
meteorites was der ived from a comnon reservo i r  i n  the nebula. 

. - . i :  ., I 

A few achondrites form smaller, separate isotop ic  classes. The u r e i l i t e s  fon l  s ing le  j j 
group w i t h  isotop ic  compositions more l i k e  carbonaceous chondri tes than achondri tes.  Nakhla ,, 
and Lafayette. presumably fragments o f  the same parent, have a unique i so top ic  composition 
not obviously re la ted t o  other groups. Shergotty and Zagami 1 i kewise form a separate group. 
Bencubbin and Weatherford are meta l - r ich breccias wi t h  a d i s t i n c t  and complex i s o t ~ p i c  ! 
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signature. Eagle Stat ion and I t zaw is is  a1.9 h i ~ h l y  unusual i n  both chemical and i so top ic  
compcsltions r e l a t i v e  t o  other pa l l a s i  tes. Their  parent body appears t o  have formed w i t h  
an except ional ly large comp!ement o f  high- temperature condensates, labeled w i t h  the 160- 
excess recognized f i r s t  i n  the C3 chondri tes (Clayton and Mayeda, 1978b). 

The aubr i tes are discussed i n  the next section. 

ENSTATITE CHONDRITES AND ACHONDRITES 

The ens ta t i t e  chon j r i  tes  and aubri  tes form a s ing le  class (Clayton et at. ,  1976), con- 
s i s t en t  w i t h  der i va t ion  from a comnon parent body, as has been suggested on chemical grounds 
by Wasson a,,d Wai (1970). This raises doubts about e i t h e r  the associat ion of the E spectral  

i type o f  asteroids w i t h  the aubri tes (Zel lner  e t  a t . ,  1977) o r  the RF and RR spectral  t j p e  
+ 

w i t h  the ens ta t i t e  chondrites (McCord, 1978). Such problems are not unexpected due t o  the 
b lack of charac te r i s t i c  features i n  the ref lectance spectrum o f  ens ta t i  t e  (Gaffey, 1976). 

A renarkable aspect o f  the oxygen i so top ic  composition of the ens ta t i t e  chondrites i s  
tha t  i t  i s  very near tha t  o f  the Earth and Moon. The composition appears t o  1 i e  squarely 
on the t e r r es t r i f i l  f ract ionat ion l i ne ,  perhaps a l i t t l e  enriched i n  the heavy isotopes r e l -  
a t i v e  t o  t e r r e s t r f a l  l w n t l e  rocks. It i s  curious t ha t  the Earth should be so s im i l a r  i n  
i so top ic  composition t o  t h i s  n~eteor i  t e  group, since the high degree o f  reduct ion o f  the 
ens ta t i te  chondrites would appear t o  requi re  t h e i r  condensation i n  a region o f  the nebula 
i n  which the C/O r a t i o  was s i gn i f i can t l y  greater than elsewhere (Larimer, 1975). Further 
chemical and i so top ic  studies o f  ens ta t i  t e  chondri tes are important t o  invest igate t h e i r  
re la t ionships t o  the inner >lanets. 

IRON METEORITES 

Type I I E  irons, which contain coarse-grained s i l i c a t e  minerals, may have a comnon 
parentage w i t h  the H-group ordinary chondrites, as discussed above. The type IAB i rons are 
breccias containing s i l i c a t e  rock fragments o f  chondr i t ic  composition (B i ld ,  1977). They 
f a l l  i n  a s ing le  group i n  the oxygen isotope diagram, which may be re la ted  t o  the ens ta t i t e  
chondri t e  group by 160 addit ion. Tbis associat ion w i t h  the ens ta t i  t e  chondrites i s  also 
suggestea by the low i r o n  content of the mafic s i l i c a t e s  i n  the IAB meteorites. Perhaps 
these meteorites are good candidates f o r  the RF-type asteroids. 

PROSPECTS FOR REMOTE ISOTOPIC ANALYSIS OF ASTEROIDS 

The problems i n  performing s u f f i c i e n t l y  accurate 1e0/170 and 17C/160 measurements with- 
out sample re tu rn  are foimidable. Although 160 i s  abundant, the heavier isotopes are not. 
Reralut ion o f  the d i f f e r e n t  meteori te classes, f o r  example H chondrites from L chondrites, 
requires a prec is ion i n  the 170/160 r a t i o  o f  be t te r  than 5 x lr4. Since the absolute value 
o f  t h i s  r a t i o  i s  only 4 x lo-", the measurement requires detennination o f  170 concentrations 
t o  be t t e r  than 2 x 10" r e l a t i v e  t o  160. Mass spectrometry i s  the only feasible technique, 
and the e l im in? t ion  o f  i n t e r f e r T n g  species, such as hydrides, would be exceptional 1y d i f f i -  
cu l  t without the chemical processing used i n  laboratory analyses. Techniques without chem- 
i c a l  sample preparation, such as laser-probe o r  ion-probe mass spectrometry f a l l  far  shor t  
o f  the necessary prec is ion i n  terms o f  both random and systematic er rors .  There i s  no ob- 
vious fundamentat l i m i t a t i o n  t o  such remote isotop ic  analysis, but  a very large amount o f  
instrument development would be a prerequis i te .  

ACKNOWLEDGNENT 

This work was supported hy the National Science Foundation, under Grant EAR 74-19038. 

41 

0 





there i s  one percent o f  c a l c i t e  That po i n t  l i e s  qu i t e  a long way from the matr ix  bu t  
i s  on the same f ract ionat ion l i n e  as the matr ix.  So there i s  p re t t y  good evidence, I 
think, t ha t  these are not  mechanical mixtures and t ha t  they acquired t h i s  composition 
by in te rac t ion  w i t h  a gaseous mater ial  t ha t  l i e s  somewhere along the f rac t iona t ion  l i n e .  

FANALE: I s  i t  possible, a t  l eas t  i n  the case o f  carbonaceous chondrites, t ha t  the l e O -  
enrichment i s  due t o  a nonthermal ac t i va t ion  process dur ing an i n t e rac t i on  w i t h  nore 
180-rich vapor a t  high vapor pressures? O r  d i d  we r e a l l y  have a homogeneous nebula 
where a t  the surface o f  a progenitor body, such as Ceres, there was p re fe ren t ia l  escape 
of 160 from the base o f  the exosphere leaving a surface which was, therefore, l e O -  

CLAYTON: You ask whether the low temperature minerals could have been formed from ordinary 
chondri te mater ial  by low temperature exchange w i t h  an lBO-enriched gas. I would say 
t ha t  i s  a poss i b i l i t y ,  pa r t i cu l a r l y  i f  the gas i s  a large reservo i r  compared t o  the 
meteorites, SG tha t  they ended up w i t h  no memory of t h e i r  o r i g i na l  composition. There 
i s  one th ing  t ha t  leads us t o  th ink t ha t  something l i k e  t ha t  might be going on. I n  
samples from other meteorites we saw points tha t  were near the dashed l i n e  fo r  C3s 
( i n  Figure 1) and we s ta r ted  tak ing apart  some o f  the C3 meteorites which contain a l o t  
of i r on - r i ch  anhydrous s i l i ca tes .  We f i n d  t ha t  the 01 iv ines w i th  d i f f e r e n t  chemical 
compositions move up and down the dashed l i n e  and as we get t o  the most i r on - r i ch  we 
have a t  l eas t  one po in t  tha t  i s  on the f rac t iona t ion  l i n e  t o  the C2 matr ix  region. I 
can' t  c i t e  any s im i l a r  evidence, connecting Cls w i t h  anything else. Your second possi- 
b i l i  t y  was tha t  everything was once homogeneous and was subsequently enriched i n  180. 
Presumably you would have t o  s t a r t  w i th  very 180-def ic ient mater ial  l i k e  C3 meteorites. 
I th ink i t ' s  h igh ly  un l i ke l y  tha t  a l l  o f  the planets and the Moon and everything were 
made by t ha t  k ind o f  a l te ra t ion ,  a t  l eas t  based on what we have seen so far i n  Allende 
which i s  j u s t  a few grams o f  very pecul iar  C3 matr ix i n  a very pecul iar  chemical s ta te .  
I would be more inc l ined,  so t ha t  you don ' t  have t o  move so many atoms, t o  say t ha t  the 
mater ials l i k e  the C1 and C2 chondrites are normal and tha t  C3 mater ial  i s  abnormal. 

McCORD: I f  the instrumentation d i d  e x i s t  f o r  doing oxygen isotope analysis on the surface 
o f  an asteroid,  what s o r t  o f  sample hand1 ing would you require? 

CLAYTON: I f  the analysis were done by some k ind o f  a laser  probe o r  an i on  probe mass spec- 
trometer, no sample preparation i s  needed. We are working here on the development of 
an ion  microprobe mass spectrometer, not  f o r  ex t r a t e r r es t r i a l  analysis, but  f o r  ter res-  
t r i a l  analysis, and sample preparation there simply involves using a polished rock sur- 
face. We do have t o  put on a conducting coat ing t o  keep i t  from charging up. That i s  
the only preparat ion we need. 
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NATURE AND ZVOLUTION OF THE METEORITE PARENT BODIES: 
EVIDENCE FROM PETROLOGY AND METALLURGY 

JOHN A. WOOD 

C e n t e ~  fop Astzwphysic8 
Cambridge, &ssaohusett8 02238 

Petro log ic  and meta l lurg ica l  propert ies of the meteorites 
t ha t  specify o r  l i m i t  t h e i r  depth of equ i l i b ra t i on  i n  the 
parent bodies are noted. Or ig in  of the  s t ructure o f  pa l la -  
s i t e s  i s  discussed i n  de ta i l .  The p a l l a s i t i c  s t ructure 
could have formed s tab ly  a t  the corelmantle in ter faces o f  
i n t e r n a l l y  melted small planets, where the weight o f  sunken 
01 i v i n e  cumulate layers submerged the lowermost o l i v i n e  
c rys ta ls  i n  underlying molten metal. However, the weight 
of the cumulate layer  would a lso deform the o l i v i n e  c rys ta ls  
so extensively as t o  destroy the p a l l a s i t i c  structure, ex- 
cept i n  the smallest parent bodies ( <  %I0 km radius).  It 
appears t ha t  me1 t i n g  and d i f f e ren t i a t i on  ( t o  produce pal l a -  
s i tes,  irons, achondri tes)  occurred i n  an ear l y  generation 
o f  small planetesimals, but  f i n a l  cool ing o f  the meteor i t i c  
mater ial  occurred i n  la rger  bodies. 

A l l  the evidence from pet ro log ica l  and metallographic studies o f  meteorites ind icates 
t ha t  they evolved and t o  some degree equ i l i b ra ted  a t  r e l a t i v e l y  shallow depths i n  planets. 
Most of the evidence f r o m  these d isc ip l ines  does not  t e s t i f y  t o  the t o t a l  s i ze  o f  the 
planets, though there i s  one i tem of evidence tha t  I bel ieve does constrain the dimension 
of ce r t a i n  o f  the- parent planets t o  be very small ; most o f  the present paper wi 11 be de- 
voted t o  a discussion o f  t h i s  point .  

So f a r  as evidence constraining depths of o r i g i n  (not  planetary sizes) i s  concerned, 
a t  the simplest l eve l  one can c i t e  the ophi t i c  textures of eucr i  t i c  achondri tes, which are 
reproduced i n  t e r r e s t r i a l  circumstances only by volcanic rocks t ha t  c r ys ta l  1 ized i n  surface 
flows o r  a t  very shallow depths i n  feeder conduits. Evidence from textures, microcraters 
(Brownlee and Rajan, 1973), and foss i l  t racks (Wilkening, Lal, and Reid, 1971) i n  other 
types o f  Ca-rich achondrite po i n t  t o  t h e i r  evo lu t ion i n  regol i ths ,  a t  the surface o f  one o r  
more bodies . 

The meteorites contain no minerals incons is tent  w i t h  equ i l i b ra t i on  a t  very low pressures 
apart  from the occurrence o f  diamond i n  the Cation Diablo i r o n  and i n  the u r e i l i t e s  (a type 
o f  achondri te) ,  the formation of which i s  c l ea r l y  a t t r i bu tab l e  t o  shock pressures upon im- 

essure a t  depth i n  a planet (Lipschutz and Anders, 1961 ; 
e r  hand, minerals t ha t  woutd be produced by high pressures are 

a phase diagram relevant t o  chondrites and mesosiderites. 
The mineral assemblages o f  both meteori te classes f a l l  i n  the l e f t  (low-pressure) f i e l d ;  
i.e., p lagioclase i s  s tab le  ra ther  than spinel  o r  garnet. The diagram cannot be used t o  
make a quan t i ta t i ve  estimate of pressures fo r  these meteorites because i t  does no t  inc lude 
the e f f e c t  o f  Na and ~ e * + ,  which are important components of the meteor i t i c  systems. The 
abundance o f  aluminum i n  the M I  s i t e s  o f  orthopyroxene i n  ordinary chondri tes i s  vanish- 
i ng l y  small (0.1 + 0.1%), which a t  the apparent temperature o f  equ i l i b ra t i on  (450°C) 
indicates very low pressures. In terest ing ly ,  the  AIM^ content o f  orthopyroxene i n  a 
mesosideri t e  (Patwar) i s  somewhat higher (0.4%; Weigand, 1975). Because o f  the approxi - 
mations mentioned, however, these values cannot be in terpreted quan t i ta t i ve ly .  
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Fig. 1. Stable mineral assemblages i n  the 
system Ca0-Mg0-A1 203-Si02, as a funct ion o f  
pressure and temperature (Obata , 1976). 
Fo = f o r s t e r i t e ,  Opx = orthopyroxene, 
Cpx = clinopyroxene, An = anor th i te ,  
Sp = spinel, Ga = garnet. Numbers on 
dashed 1 i nes represent the atomic Dercent. 
A1 i n  s i x - f o l d  coordinated s i t e s  i n  ortho- 
pyroxene . 

PRESSURE, Kbar 

Perhaps the most valuable evidence f o r  depth o f  equi 1 i b r a t i o n  o f  meteorites i s  p w -  
served i n  the me ta l l i c  minerals they contain. The rates a t  which metal-bearing meteorites 
cooled through the temperature i n t e r va l  600'-400°C i n  t h e i r  parent planets can be estimated 
f r o m  the nature o f  Ni d i f f u s i on  gradients preserved i n  t h e i r  metal a l l o ys  (Wood, 1964; 
Goldstein and Ogi lv ie,  1965). The slower the cool ing rate,  the lower the temperature (and 
hence the higher the Ni content o f  the y a1 l oy )  when d i f fus ion was imnobi l ized. Character- 
i s t i c  cool ing rates for  a number o f  meteori te classes are sumnarized i n  Figure 2 (Wood, 
1967; Goldstein, 1969; Powell, 1969; Buseck and Goldstein, 1969). This f i gu re  a lso  sug- 
gests possible cool ing s i t es  f o r  the meteori te types, by d isp lay ing cool ing ra tes as a 
funct ion o f  depth i n  planets o f  astero ida l  dimension. The cool ing r a t e  ca lcu la t ions assume 
a uniform i n i t i a l  temperature o f  1000°C and chondri t i c  long-1 ived rad ioac t i v i t y ,  bu t  do no t  
take account o f  r ed i s t r i bu t i on  o f  heat sources by igneous a c t i v i t y  (Wood, 1967). 

Many wr i te rs  have concluded t ha t  the meteorites came from d i f ferent ia ted,  concentric- 
a1 l y  layered parent bodies , s t ruc tu ra  , l y  analogous t o  Earth. I r on  meteorites would repre- 
sent the cores of these bodies. Others have advocated parent planets w i t h  " r a i s i n  bread" 
structure, meaning t h a t  r e l a t i v e l y  s m l i  zones o f  me ta l l i c  Ni ,Fe were dispersed a t  a1 1 
depths i n  them. Urey (e.g., 1963) c i t e s  curious reent rant  cav i t i e s  on the surface of the 
Goose Lake i r o n  meteori te (Henderson and Perry, 1958) and the r e l a t i v e l y  la rge  abundance o f  
pa l l a s i t es  among meteorites as evidence t ha t  the surface/volume r a t i o  of i r o n  masses i n  the 
parent planets was high, therefore the i r o n  masses occurred i n  " ra is ins. "  (Pal l a s i t e s  are 
stony- iron meteorites t h a t  cons is t  o f  r ~ , j h l y  equal amounts o f  coarse o l i v i n e  (%I .0 cm) and 
me ta l l i c  Ni ,Fe. The o l i v i n e  c rys ta ls  are i n  close-packed array, w i t h  metal f i l l i n g  the 
spaces between bhem. Clear ly  the so l  i d  01 i v i n e  c rys ta ls  accumulated s tab ly  i n  t h i s  configu- 
r a t i o n  wh i le  the metal was molten (i.e., i n  the temperature range 1600"-1400°C). Properties 
of pa l las i tes  are reviewed by Mason (1963) and Buseck (1977)). Wasson (1972) notes t ha t  the 
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Fig. 2. Left, cooling rates o f  metal-bearing meteorite classes. Right, 
depths a t  which cooling would have occurred a t  these rate,, i n  four 
hypothetical planets of asteroidal dimension. Depths >I80 km i n  the 
503 km body would not cool t o  500°C i n  4.6 * l o 9  yr .  

wide range o f  cooling rates of some geochemically coherent classes o f  i ron  meteori t - s ,  
taken a t  face value, indicate that the l a t t e r  evolved i n  the same parent planet but i n  d is-  
crete bodies a t  widely varying depths, i.e., i n  "raisins." (Cooling rates of 33 Group I I I a  
irons range from 1.5" to 10°/106 y;; 23 IVa irons, 7 ° - 8 0 0 / 1 0 ~ r ;  Goldstein (1969).) 

However, a detai led consideration of the chemistry and cooling rates o f  Group I I Ia  
irons (Flgure 3) makes i t  appear l i k e l y  that meteorites from two sources, each wi th cooling 
rates uniform to  w i th in  the uncertainty o f  the method, are lumped i n  t h i s  group. Group IVa 
can be s imi la r ly  decomposed i n t o  two or  three uniformly-cooling components. Figure 2 re- 
f l ec t s  the subdivision of these two groups. Further, the concept of "raisins" does not 
rea l l y  make the Goose Lake cavi t i es  any easier t o  understand, nor Joes the model when exam- 
ined i n  de ta i l  help t o  account for the apparently unstable mixture of high- and low-density 
components that  constitutes pal lasites. The " ra is in  bread" model and others involving 
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Group IIIa 
Irons 

Fig. 3. Ni and Ge contents and metallographic cool ing rates of 
Group I I I a  i r o n  o.-teori tes. The number beside each data po i n t  
i s  the cool ing rate,  i n  degrees C/106 y r .  A l l  meteorites comnon 
to  the studies o f  Wasson and Kimberlin (1967) avd Goldstein (1969) 
are p lo t ted.  TWO subgroups I probably representing d iscrete 
sources, are indicated. 

dynamfc processes (e .g . ,  Scott 's (1977) concept o f  i n t r us i on  o f  molten metal i n t o  01 i v i n e  
cumulates) do not  square we1 1 w i t h  the order ly,  close-packed s t ruc tu re  of most p a l l a s i  tes. 

There i s  an aspect o f  melt ing and d i f f e r e n t i a t i o n  o f  planetary i n t e r i o r s  t ha t  would 
have produced pa l l as i  t i c  na te r i a l  as a g rav i t a t i ona l l y  s tab le  layer  a t  the core/mantle 
interface. An o l i v i n e  cumulate layer  immersed i n  mafic s i l i c a t e  magma would press down on 
the in te r face  between magma and d i f f e ren t i a t ed  moltes metal /sul f ide w i th  a weight propor- 
t i ona l  t o  (1)  the thickness o f  the cumulate layer,  (2)  the d i f ference i n  densi ty between 
o l i v i n e  and magma, and (3) the loca l  value o f  :7. This would submerge the lowermost o l i v i n e  
c rys ta ls  a ce r ta in  distance i n t o  the nlolten meta l /su l f ide (Figure 4a). The depth of sub- 
mergence would be greater if magma were f ree t o  erupt t o  the surface o f  the hypothet ical  
planet, meaning t ha t  (1 ) above w w l d  embrace a1 1 the unmel ted substance o f  the planet whose 
density was greater than tha t  o f  the magma (Figure 4b). The amount o f  p a l l a s i t i c  mater ial  
tha t  can be formed by the mechanism o f  Figure 4b can be ca lcu la ted by assessing the downward 
weight of s o l i d  s i l i c a t e s  between R2 and R 3  and requ i r ing  the upward buoyant forces o f  s o l i d  
o l i v i n e  c rys ta ls  between H I  and R, t o  equal t h i s  value: 
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Resul ts are  shown i n  Figure 5, f o r  3 range o f  poss ib le  core  s izes.  The r e l a t i v e  volume o f  
p a l l a s i t i c  ma te r ia l  produced i s  independent o f  the  absolute s i z e  o f  the  p lanet .  I n  p r i n -  

I c i p l e ,  the  volume of  p a l l a s i t i c  ma te r ia l  t h a t  would form i n  an i n t e r r ~ l l y  melted p lane t  
( r e l a t i v e  t o  pure Ni,Fe meta l )  i s  substant ia l ,  l a r g e r  than the r a t i o  of  n a l l a s i t e s  t o  i r o n s  
i n  museum c t ~ l l e c t i o n s .  

Absolute values o f  the  weight exerted downward by cumulate o l i v i n e  a t  H, can be e s t i -  
mated, by assessing one s ide  o f  Equation (1)  as a funct ion  o f  R ( 2  Rj). These are  4, 16, r' 
63, and 390 bars, i n  p lanets of  t o t a l  radius 50, 100, 200, and 500 km respect ive ly ,  f o r  
reasonable compositions and i n t e r n a l  conf igura t ions.  These are  small stresses, b u t  01 i v i n e  
i s  extremely weak a t  the  h igh  temperatures o f  molten i ron.  and even small d i rec ted  stresses 

z - cause i t  t o  y i e l d  by ~ h e  mechanism o f  power-law creep (Ashby and V e r r a l l  , 1977). 
.., , . .  

I .. . . 
I 
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Fig.  4. Radial columns i n  an i n t e r n a l l y  melted small p lanet .  A:  the simple case i n  
which the melted zone i s  enclosed by an i n t e g r a l  s h e l l  o f  unmelted rock.  B :  the Inore 
r e a l i s t i c  case where the unmelted s h e l l  f r ac tu res  and founders, r e s t i n g  on cumulate 
o l i v i n e  i n  the melted zone; s i l i c a t e  me l t  i s  erupted t o  the p lanetary  surface. 
C: the e f f e c t  o f  deformation o f  o l i v i n e  i n  the p d l l a s i t i c  l aye r  i s  t o  squeeze i n t e r -  
cumulus l i q u i d s  ou t  o f  i t , c l o s i n g  the o l i v i n e  cumulate l aye r  i n t o  pure dun i te .  
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Fig. 5. Posi t ions  o f  t he  .?* and R1 leve': (which de f i ne  the th ickness of t he  
p a l l a s i t e  zone), as a func t i on  o f  t he  t b ~ a l  s i z e  o f  the  metal + p a l l a s i t e  zone 
( t h e  core). A l l  values are  r e l a t i v e  t o  the o v e r a l l  rad ius  of  t he  p lane t  (H); 
the  re la t i onsh ips  are  independent o f  absolute s ize .  Dashed po r t i ons  o f  curves 
correspond t o  u n r e a l i s t i c a l l y  l a r g e  cores, l a r g e r  than would be produced by 
t o t a l  me1 t i n g  and d i f f e r e n t i a t i o n  o f  ord inary  chondri tes. 

Total  deformation (y ,  where y = 1 corresponds t o  the shear s t r a i n  needed t o  deform a 
r i g h t  angle t o  a 45O angle) equals the s t r a i n  r a t e  ( Y )  times the t ime ( A T )  needed t a  cool  
t o  s o l i d i f i c a t i o n .  Taking 

a = ( 5  x 1 0 ' 6 ) ~ 2  

(a = d i rec ted  s t ress  i n  Kbar, 3 = p lane t  rad ius  i n  km; from the  above ca l cu la t i ons ) ,  

y = (4.6 x 1 0 " ) 0 : - ~ ~  

f o r  o l i v i n e  i n  the temperature and shear s t ress  regime o f  i n t e r e s t  (Ashby and \!erral l ,  
1977), and 

AT = (2  x 1 0 3 ) ~ ~  

from coo l i ng  r a t e  ca l cu la t i ons  made by the author !A? i n  years; assuning a s i t e  a t  
depth = 0.5R, and coo l i ng  through the temperature range 1 bZOo-1400nC), the r e l a t i o n s h i p  
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between p lanetary  dimension and t o t a l  de fo rma t io~  experienced by p a l l j s i t i c  o l i v i n e  i s  
found t o  be 

v = (3.4 x 1 0 - R ) ~ 7 . 8 2  (2) 

This r e l a t i o n s h i p  i s  p l o t t e d  i n  Figure 6 (uppermost curve).  

Deformation great  enough t o  o b l i t e r a t e  the c h a r a c t e r i s t i c  p a l l a s i t e  geonietry would be 
experienced by o l i v i n e  c r y s t a l s  a t  the core-mantle i n te r taces  o f  p lanets  l a r g e r  than 2.10 km 
radius.  O l i v i n e  deformation i n  these circumstiinces would have the  e f fec t  o f  squeezing ml- 
ten metal ou t  the  bottom o f  the  p a l l a s i t i c  l a y e r  and molter, mafic s ' l i c a t e  o u t  the top of 

i 
the ove r l y ing  l aye r  (Figure 4 c ) ,  r e s u l t i n g  i n  a  s tab le  l aye r  of  v i r t u a l l y  pure duni te.  

Since Equation (2 )  app l ies  on l y  t o  l e v e l  Y2, and the d i r e c t e d  s t res re3  and v taper t o  I .  
zero a t  R1, i t  might appear t h a t  on l y  the upper p o r t i o n  o f  the  p d l l a s i t i c  l a y e r  was i n  
danger o f  o b l i t e r a t i o n  i n  l a rge  p lanets .  However. the  dashed curves of F igure  6 make i t  
c l e a r  t h a t  no s i g n i f i c a n t  p o r t i o n  o f  t he  p a l l a s i t i c  l aye r  i n  a  p lane t  much l a r g e r  than 
10 km rad ius  would surv ive  des t ruc t i on .  

. . 

I 

Fig.  6. Tatal  deformation experienced by pa l  l a s i  t i c  o l i v -  
i n e  dur ing coo l i ng  o f  a  small p lanet .  as a  f ~ n c t i o n  o f  the  
p lane t ' s  dimension. The curve labeled 1  represents o l i v i n e  
~t the 3, in ter face,  where stresses are greatest ;  t.he 1C-I 
curve app l i  -. a t  a  l e v e l  10'' of  the  d is tance between !il 
2nd Hz. and so f o r t h .  
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Deformation experienced i n  >I00 km p lanots  (such as F igure  2 appears t o  requ i re  as a 
coo l fng s i t e  f o r  p a l l a s i t e s )  i s  excessive by such a l a rge  fac tor  (: 1 ~ 8 1  t h a t  even nenernlrc 

a l h a n c e  fo r  the  unce r ta in t i es  at tached t o  the est!?!!ite does not  wkc i t  poss ib le  t o  rec- 
o n c i l e  the circurnsta;~ces o f  format ion w i t h  the c i r c u m s t a n r ~ s  P* . - I  i r lg rff pqllazi tes.  
It  appear8 inasortpabtc that thc pal:.--'tee sol;;'tfu?d in sm7' !. ' J  h , l  bodiss, Sue tllaee 
subesquentty mu8L k.~vc joined kq&r (>ZOO h l  h.dies before . 7 1  r r ~ ~ l z n g  thmugh 500°C 
occurrad. The s ze and energy requiremetits and tCc t imi r lg  ~f  be f i r r t  generat ion o f  bodies 
a re  c0r:sistent w l  t h  the Goldreich-Ward wchanism of  planete: ie!rl f o m a t i o n  by g rav i  t a t i o n a T  
i n s t a b i l i t y  of  a dust  d i s k  w i t h i n  th? p r imord ia l  nebula ( ' 9  : I and the 26Al c o n t e ~ i t  of e a r l y  

i r 
s o l a r  system mate r ia l  (Ler~ e t  at., 1977). Presumably the i,:cond generat ion was accun.ulated 
by planetesimal encounte!', over a longer t ime period, a f t e r  t ne  d i s s i p a t i o n  of t h e  neoula. 

Thus i t  appears l i k e l y  tha t  the ( I - P C L . , ~  genera t i o r )  parent meteor i te  p:dnets d i d  i n  
fact  have " r a i s i n  bread" s t ruc tures ,  as a consequence oC t h e i r  assembly from smal ler  d i  i -  
fe rent ia ted bodies; bu t  there  i s  no reason t o  expect t ha t  ;he " r a i s i n s "  i n  any p a r t i c u l a r  
second-generation body were geochemically re la ted.  I t  i s  ;uite poss ib le  t h a t  most qr a l l  
i r o n  meteori tes went through a s i r c i l a r  two-stage h i s to ry ,  Yeinn r e 1  ted  and d i  f f e ren t ' a ted  
i n  a small body then coo l i ng  as a " r a i s i n "  i n  a l a r g e r  p ldnet ,  b u t  there  i s  no obvious way 
t o  t e s t  t h i s .  The i r o n  meteor i tes may hdve formed as cores i n t e r i o r  t o  p a l l a s i t i c  lagers,  

i 
o r  t h e i r  f i r s t  generat ion bodies may have been too l a rge  t o  permit  the  su rv i va l  3 f  s i g n i f i -  
cant  amounts o f  p a l l a s i t i c  m a t e r i l l .  
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DISCUSSION 

GROSSMAN: I would l i k e  t o  know i f  the boundaries i n  Figure 1 change depending on the pro- 
portions o f  CaO, MgO, etc.? I am wondering whether the par t icu lar  section yo9 are 
showing i s  sensitive t o  these proportions. 

WOOD: I f  by proportions you mean changing the modal f o rs te r i t e  t o  anorthite rat io,  no, the 
boundaries do not change. A l '  the isopleths of A1 i n  the M I  s i t e  of orthopyroxene and 
the boundaries shown i n  Figure 1 are va l id  f o r  the mineral assemblages l is ted,  i r r e -  
spective of the mineral proportions. 

GROSSMN: I wonder i f  you ought t o  st retch the point t o  include up to  12 Kbars on the 
spinel minerals? 

WOOD: It i s  important t o  f i r s t  specify what sor t  o f  spinels you are referr ing to. Mg and 
Al-r ich spinels i n  equil ibrium wi th o l i v i ne  and two pyroxenes would indeed r e f l e c t  very 
high pressures. I n  t h i s  case plagioclase would no longer be stable wi th o l iv ine.  How- 
ever, chromi te-type spinels can be i n  equil ibrium with 01 ivine, plagioclase, and two 
pyroxenes a t  very low pressures ( i . e .  , 0-1 Kbar a t  about 850°C). The Mg-rich spinels 
o f  chondritic Ca, Al - r ich inclusions coexist wi th minerals other than those given i n  
Figure 1; the f igure i s  not applicable to spinel + m e l i l i t e  + fassaite, etc., assem- 
b l  ages. 

ZELLNER: Apparently you must have ctt ieast  one parent body o f  500 km diameter. 
WOOD: That i s  what i s  implied i n  Figure 2, where the diameter jumps from 200 to  500 km. 

But I am not sure you couldn't achieve the lowest cooling rates i n  somewhat smaller 
bodies. 

ANDERS: I s n ' t  i t  s t i l l  true that the very lowest cooling rates, below a degree per m i  11 ion 
years, are a paradox, being found i n  some o f  the unequilibrated ordinary chondrites 
that are vo la t i le - r i ch  and which seem to  have had a f a i r l y  gentle temperature history? 
To get these low cooling rates, one has t o  go f a i r l y  deep inside a large body. The 
second paradoxical category i s  ~nesosiderites, where I think you pointed out that they 
would not cool t o  a reasonable temperature i n  the ent i re  age o f  the solar system. 

WOOD: Yes, that i s  r ight ,  i f  you make the assumption that the mesosiderites have resided . 
; I-; 
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a t  the same posit ion i n  t he i r  parent bodies since the time they were formed. If you 
are w i l  l i t rg  to explore more exotic poss ib i l i t ies  o f  relocation o f  volumes of meteori t i c  
material, and to  go through several generations of parent bodies, then these things can 
be worked out. 





higher stresses. The exponent o f  a found by Durham and Goetze i s  ac tua l l y  higher than 
the value used by me (3.6 r- 0.3, versus 2.91). This i s  because my formula i s  based on 
a curve I f i t t e d  t o  Ashby and ?era1 1's ext rapolat ion ( i n  an attempt t o  embrace the 
stress range 0.01-1 Kbar), ra ther  than t o  Durham and Goetze's data. I all1 not  r e a l l y  
qua1 i f i e d  t o  c r i t i c a l l y  evaluate Ashby and Vera l l ' s  modtling, but  note tha t  if I went 
w i t h  the experimental data inrtead, the exponent i n  Equation (2)  would be even higher 
than i t  i s ,  and the po in t  t h i s  paper attempts t o  make would be even more compelling. 
The experimental data only goes down 'o a planetary radius o f  ~ 2 0 0  kn, but even a mod- 
e s t  ext rapolat ion o f  the experimental s t ress -s t ra in  re la t ionsh ip  t o  smaller dimensions 
suffices t o  exclude the p o s s i b i l i t y  t ha t  the pa l l a s i t es  c r ys ta l l i zed  i n  planets as 
large as t h e i r  cool ing rates indicdte. The e f f ec t s  o f  r o t a t i on  are in te res t ing  t o  con- 
sider.  Centrifugal accelerat ion would tend t o  o f f se t  g rav i t y  most beneatb a planet 's 
equator. and there the p a l l a s i t i c  s t ruc tu re  might be preserved i n  a r b i t r a r i l y  large 
planets if they were spinning f as t  enough ( i . c . ,  a t  j u s t  less than the s t a b i l i t y  l i m i t ) .  
The cen t r i fuga l  accelerat ion would go t o  zero a t  the poles o f  the planet,  though, and 
there the pa l l a s i  t i c  s t ructure would be vulnerable. However, if Equation ( 2 )  i s  va l id .  
the d e f o m t i v e  stresses t ha t  would ac t  i n  a nonrotat ing planet are excessive by such a 
large fac to r  (>loe, as noted toward the end o f  the a r t i c l e )  tha t  i t  seems un l i ke ly  
pa l las i tes  could be saved from col lapse by ro ta t ion .  F i r s t ,  if the cent r i fugal  accel- 
e ra t ion  were less tnan g rav i ta t iona l  accelerat ion by even as much as even pa l la -  
s i t e s  beneath the equator would be doomed. This leaves an extremely narrow window of 
r o t a t i on  ve l oc i t i e s  t ha t  would do the job, since the p lanet  would f l y  apart  if the 
cent r i fugal  accelerat ion er~eeded the g rav i ta t iona l  accelerat ion by very much. Second. 
even i f  r o ta t i on  exact ly o f f s e t  g rav i t y  a t  the equator, one would on1 y have t o  go to  
la t i tudes  > s l O - B  radians above and below the equator to  f i nd  the coniponent of cen t r i -  
fugal accelerat ion no longer adequate t o  preserve the pa l las i tes .  
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MOST STONY METEORITES COME FR3M THE ASTEROID BELT 

EDWARD ANDERS 

ErrPioo Fellmi Institute imd Department of Chemistry 
University of Chicago, Chicago, IZliwi8 60637 

The place o f  o r i g i n  of stony meteorites can be determined from 
t h e i r  trapped solar-wind gases. "Gas-rich" meteorites of a l l  
classes have only 1 0 - ~ - 1 0 - ~  the so la r  noble gas content and 
< l 0 ' ~ - 1 0 - ~  the surface exposure age o f  lunar  so i l s .  These d i f -  - 
ferences suggest t ha t  the gas implantat ion t o ~ k  place between 
1 and 8 AU from the Sun, i n  a region where the c ra te r ing  r a t e  
was l o2 - l o3  times higher than a t  1 AU. Both requiraments are 
met by main be1 t asteroids, not  by long- o r  short-period comets, 
by Trojan asteroids, o r  by s t ray  bodies i n  t h i n l y  populated 
par ts  o f  the inner so la r  system. The observed prevalence o f  
g ~ s - r i  ch meteori tes (up t o  100% among carbonaceous chondri tes , 
2-33% among other  classes) requires t ha t  the parent bodies be 
large enough, and remain i n  the as te ro id  be1 t long enough, t o  
develop a substant ial  reg01 i th. These condit ions are more 
r ead i l y  met by asteroids than by comets. The young ages of 
xenol i ths i n  gas-rich meteorites (down t o  i .4 AE) show t ha t  gas 
implantat ion i s  an on-going process i n  the so la r  system, not  a 
r e l i c  from a hypothetical "ear ly  i r r ad i a t i on . "  

L chondrites, i n  contrast t o  H chondrites, show pervasive ev i -  
dence o f  outgassing 500 Flyr ago, accompanied by shock heating 
t o  950-1250°C for  centuries o r  mi l lennia.  Apparently the L 
chondri te parent body was not  a comet, but  an astero id  broken 
up a t  t ha t  time. 

O f  27 xenol i ths ( fore ign inc lus ions)  i n  meteorites, 20 are car- 
bonaceous (mainly C2) whereas 5 are ordinary chondri tes o r  
re la ted  meteor i t ic  types. Because xenol i ths are a r e l a t i v e l y  
unbiased sample o f  the astero id  be1 t, i t  seems l i k e l y  t ha t  
ordinary chondrites and t h e i r  k i n  comprise the second-most- 
abundant type of mater ial  i n  the be1 t. Thus S asteroids may 
have chondri t i c  ra ther  than stony- iron composition. 

e 
I 

I A l m s t  every stony meteori te class has several "gas-rich" members t ha t  are brecciated 
i I t .  

t '  ' 1  and contain a charac te r i s t i c  noble-gas component, of so la r  i so top ic  and elemental composi- 
I t i o n  (Table 1). Wanke (1965 and e a r l i e r  p ~ p r s )  was the f i r s t  t o  suggest t ha t  t h i s  compo- 

nent represents so la r  wind trapped by meteor i t ic  dust i n  the r e g o l i t h  of the meteori te 
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SOLAR GASES: CLUES TO THE ORIGIN OF METEORITES 

The most d i r e c t  evidence on the former loca t ion  of meteorites comes from trapped so la r  

, , 
. , 

wind (Anders, 1975). I sha l l  present the argument from t ha t  paper i n  updated but g rea t l y  
abridged form, omi t t i ng  various qua l i f i ca t ions  and supporting arguments. I n  addit ion, I 1 , ;  
sha l l  review a few other  l i nes  a f  evidence bearing on the problem. 

: ! 
Do Gas-Rich Meteorites Come f rom Regoliths? 



Table 1. Prevalence o f  Gas-Rich fleteori tesa 

Class X Class % 

C1 Chondrites 100 L Chondrites 2 

C2 Chondrites 61 LL Chondri tes 8 

C3V Chondri tes 60 K Chondrites 25 

C30 Chondri tes 0 Howardi tes 33 

H Chondri tes 12 Aubri tes 33 

aMazor e t  at. (1970); Schultz e t  a t .  (1972). 
S r i n i  vasan and Anders (1 977). 

parent body. Because solar-wind ions have very low energies, thev p e n e t r a t ~  ~ n ! y  a ft?w 
hundred Angstroms i n t o  the w a i n ,  m:! h ~ f i i e  dre trapped only by grains res id ing a t  the very 
surface. A later impact cements these dust grains i n t o  a coherent rock, which i s  then 
ejected from the parent body by s t i l l  another impact. A l l  stages of t h i s  process have been 

t 
f 

observed i n  lunar samples, from fresh, un i r rad ia ted soi  1s t o  welded, gas-rich breccias. 
i I 

I I 

Deta i led studies o f  meteor i t ic  breccias have revealed many addi t ional  pa ra l l e l s  t o  i ' 

lunar breccias: charged p a r t i c l e  tracks, microcraters, an iso t rop ica l l y  i r r ad i a t ed  grains, b ' ,  

rad ia t ion  damage, etc. (Wil kening, 1970; Barber e t  at., 1971 ; Macdougall e t  a l . ,  1973, 1974; 
Poupeau e t  aZ., 1974; Rajan, 1974; Maurette and Price, 1975; Pr ice e t  aZ., 1976; Goswani 
e t  at., 1976). The consensus t ha t  has emerged from t h i s  work i s  t h a t  gas-r ich meteorites ! 
formed i n  a rego l i th .  Wetheri l l  (1978) has contended, however, t ha t  only "a few" o f  the ! 
gas-rich meteorites show "the f u l l  set  of these r e g o l i t h  features," the most c lear-cut  case . t 

b e ~ n g  the howardi tes. Actual ly,  the above studies included aubri  tes, H chondri tes, C1 chon- 
dr i tes ,  and C2 chondrites, i n  addi t ion t o  howardites, and a l l  showed the f u l l  set  of rego- 
l i t h  features (except t ha t  no microcraters have y e t  been reported from aubr i tes) .  By 
Occam's Razor, a l l  are l i k e l y  t o  have formed i n  a rego l i th .  

Model for the .SooZar Cas Content of Meteorites 
' 

To a f i r s t  approximation, the mean so la r  gas content G of s o i l  from a given body de- 
pends on two parameters: the so la r  wind flux, which i s  proport ional t o  the inverse square 
o f  the he l iocen t r i c  distance a, and the nwan surface residence time t. The l a t t e r  i s  
approximately proport ional t o  the inverse o f  the c ra te r ing  r a t e  R, which determi-es the ra te  , 

a t  which the topmost layer  i s  blanketed by ejecta; both olc: s o i l  and f resh ly  cr,. ed rock 
(Gaul t e t  a l .  , 1974). Thus, using symbols 0 and * f o r  the Moon and meteori te pal ?nt  body, 

I 

we can w r i t e  

Because we know the he l iocen t r i c  distance o f  the Moon, a t  l eas t  t o  a f i r s t  approximation, 
we can use lunar s o i l  as "ground t r u t h "  t o  determine the formation distance of gas-r ich I ; 
meteorites. 

\ 

i 
The condit ions under which Equation (1 ) i s  v a l i d  have been discussed by Anders (1975), 

and w i l l  not be repeated here. The p r inc ipa l  requirements are (1 ) tha t  the bombarding 
fluxes i n  both regions be "top-heavy" (i.e., the exponent y i n  the d i f f e r e n t i a l  mass d i s t r i -  
but ion 1P = dm'Y must be less than 2 )  so t ha t  the dominant process w i  11 be crushing o f  fresh 



rock ra ther  than reworking of o l d  dust, and (2)  t ha t  the Moon and meteori te parent bodies 
r e t a i n  about the same f rac t ion  o f  ejecta. The f i r s t  requirement i s  met for  the Hoon and 
the astero id  be1 t, judging from the abundance o f  s iderophi le  elements i n  lunar  and meteor- 
i t i c  breccias (Anders, 1975). It i s  probably a lso met fo r  comets, because both comets and 
t h e i r  debris (shower meteors) seem t o  have y < 2. The second requirement ce r t a i n l y  i s  no t  
met by very small asteroids o r  comets, which lose most o f  t h e i r  e jec ta  and hence cannot 
develop a rego l i th .  But even a 45 km astero id  should lose only 502 o f  i t s  impact ejecta, 
according t o  data by Gault s t  at .  (1963). and loss o f  average s o i l  should have no effect on 
Equation (1 ). According t o  a de ta i led  model by Housen (19761, asteroids of P = 100 km and 
20 km can accumulate rego l i ths  of z l O O  m and %I0 rn i n  l o 9  years. 

A referee has questioned the approximate inverse p ropor t iona l i t y  o f  t and R i n  Equa- 
t i o n  (1 ), because blanketing* would invo lve mainly recyc;ed grains on the Moon and main1 y 
f resh grains on an asteroid.  I n  the f i r s t  place, we are concerned p r imar i l y  w i t h  the re- 
l a t i o n  between G and t, no t  R, and t ha t  r e l a t i o n  i s  exact whether the blacket ing i s  done by 
a fresh o r  a recycled grain: the in tegrated gas content per u n i t  t ime and area i s  the same 
no m t t e r  how many grains share i n  the in tegrat ing.  

Second, though the r e l a t i on  between t and R does indeed require tha t  the m j o ~  part o f  
the e jecta be freshly crushed rock ra ther  than recycled grains, i t  can be shown t ha t  t h i s  
condi t ion i s  met for a l l  p rac t i ca l  purposes. A quan t i ta t i ve  statement of t h i s  condi t ion i s  
t ha t  the integrated f l u x  of crater- forming bodies of mass 0 t o  .&I (where .r! = mass o f  largest  
body t o  s t r i k e  the p lanet )  be large compared t o  the f lux  of bodies unable t o  penetrate the 
average rego l i th ,  of mass range 0 t o  m: 

where c i s  the exponent i n  the c m t a t i v e  mass d i s t r i bu t i on .  On the Moon, the mare r e g o l i t h  
i s  t y p i c a l l y  about 5 rn th ick,  so m 1.10' g. With IY = 1019 g, corresponding t o  a 10 km body, 
and c = -0.17 (corresponding t o  y = 1.83; Dohnanyi , 1971) we obtafn F = 110, so the prbpor- 
t i o n a l i t y  i s  good t o  1%. For a hypothet ical  astero id  wiLh a 100 m rego l i th ,  m -- 1013 c and 
M = loi9 g, so F = 10.5 and the p ropor t iona l i t y  i s  good t o  105;. 

Actua l ly  the agreement i s  not qu i t e  as good, because the mass d i s t r i b u t i o n  steepens 
below l o 9  o r  l o 6  Q (Chapman, 1972). and the upper l i m i t  o f  i n tegra t ion  i s  not  wel l  defined, 
because the e jecta from the largest  craters  are not  d is t r ibu ted  g lobal ly ,  and so do not  con- 
t r i b u t e  f u l l y  t o  the nvemge r e g o l i t h  (Ganapathy e t  a l . ,  1970).** However, there i s  d i r e c t  
evidence f o r  the dominance o f  j uven i le  grains i n  lunar s o i l  cores and especia l ly  meteor i t ic  
breccias. Charqed-particle track studies have shown tha t  grains from a given layer  d i f f e r  
i n  exposure time by %lo2- lo3,  w i th  the median exposure t y p i c a l l y  an order of magnitude be- 
low the maxilnum (Poupeau e t  at . ,  1374; Pr ice et at. ,  1975; Goswami et at. ,  1976, and many 
references c i t e d  therein).  And the amount of meteor i t ic  mator ial  i n  lunar s o i l s  (1-1.5: i n  
mature so i l s ;  down t o  0 . 0 9 3 n  young so i l s ;  Krahenbuhl e t  a t .  , 1973) i s  comparable t o  that  
i n  gas-r ich meteorites (1-4., Laul et at. ,  1972; Chou e t  a t . ,  1976; Hertogen e t  aZ., 1978), 
so tha t  on both bodies, d i l u t i o n  by fresh rock keeps pace w i t h  addi t ion of meteor i t i c  mate- 
r i a l .  I n  any event, since the di f ferences we she l l  t r y  t o  explain amount t o  2-3 orders o f  
magnitude, er rors  o f  even a factor o f  2-3 are of no consequence. 

* "Blanketing" i s  a more accurate term than the widely used misnomer "gardening," because 
the mixing process i s  not  a simple overturn but a "biased random walk," where many small 
increments a1 ternate w i th  occasional large decrements (Laul e t  a t .  , 1971). 

**On the other hand, large craters  cont r ibute heavi ly t o  the t o t a l  volwne o f  the rego l i th ,  
which i s  r e l eva r~ t  t o  some aspects of t h i s  problem, e.g., the abundance o f  gas-r ich 
meteorites. 



Fig. 1. Relat ion between sol ar-gas 
content and surface exposure age as a 
funct ion o f  distance from the Sun 
(Anders , 1975). Cosmi c-ray exposure 
age o f  meteorites i s  only an upper 
l i m i t  o f  the surface exposure age, and 
Ne20 content may be too low because of 
saturat ion ef fects ;  thus a l l  meteor- 
i t i c  points should be sh i f ted toward 
the upper l e f t .  Regardless of class, 
gas-rich meteorites have systematical ly 
lower gas contents and exposure ages 
than do lunar so i l s .  Their  parevt 
bodies must have been located i n  a 
region o f  lower so la r  wind f lux  
(1 < a < 8 AU) and higher c ra te r ing  
rate.  Both character is t ics  po in t  t o  
the astero id  be l t .  

' .  
According t o  Equation ( I ) ,  the gas content C should be proport ional t o  surface expo- . , 

sure age t and the inverse square o f  the he l iocen t r i c  distance a (Figure 1). We can c a l i -  - a .  . 

I brate t h i s  r e l a t i o n  by means of lunar  soi 1s (open symbols), which are knaon t o  have formed 
a t  1 AU. Because lunar  s o i l s  lose Ne owing t o  temperature and saturat ion ef fects ,  i t  was 

I I '  ; 
The surface exposure age ;an be measured by d i f fe ren t  rad ia t ion  ef fects ,  and generally 1 

. . increases w i t h  the penetrat ion depth o f  the rad ia t ion  (Tahle 2) .  For our analysis, the 

. . so lar  wind exposure age i s  relevant, but  since i t  i s  not  known fo r  most meteorites, we sha l l  1 '  , I . .. . - , .? 
use the cosmogenic noble-gas exposure age as a subst i  t!cte. Though these two quan t i t i es  are . 

r . . .. . \ .  
by no means equivalent (they measure the residence time i n  the topmost few hundret Angstroms 

. . ., and topmost meter, respect ively),  there i s  evidence t ha t  they are proport ional t o  each other. ., . '. ! , . ,  

. ' ,  , 

. I '  

' I  

10' 

2 
117 

1 
CG. It1 
.I 
t ,,, 
C )  , > . . 
0 1\1 

w 4 
z IP - 
0 - 
0 

Ln 

5 .  
IL) 

However, f o r  meteorites t h i s  p ropor t iona l i t y  i s  less s t r i c t l y  va l id ,  because the cosmic- ' ' ' 

ray exposure age also includes the t r a n s i t  time t o  Earth, when the meteori te was again bom- 1 1  : 
. 1. 

barded by cosmic-rays. To minimize t h i s  effect, I have selected meteorites o f  short  exposure j 

necessary t o  ca lcu la te  corrected Ne values from the Xe content, using the Ne/Xe r a t i o .  ! ! 4  

(This correct ion has somewhat improved the cor re la t ion  of G and t, as shown by a comparison -1: / i o f  the large and small symbols). The "10 AU" 1 ine  represents a-2 dependence o f  the so la r  
wind flux. i . j 8 '  ? 
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Table 2. D i f f e r e n t  Types o f  Surface Exposure Age f o r  Lunar S o i l s  
and Gas-Rich Aubri tes  

Ef fec t  
E f fec t i ve  

- Age ( y r )  
Depth - 
(cm) Lunar s o i l s a  Aubr i  tes  

Solar Wind %loe6 lo6 - lo7  1-100 

So lar  F l a r e  Tracks 21 0' lo6-10' lo3-10" 

Galac t ic  Cosmic-Ray Tracks 10 100 l o 6  
Cosmogeni c Noble Gases 100 1-10 x l o 8  3 l o 7  

a ~ a l  (1975). 

b~oupeau e t  a t .  (1974). 

age, b u t  s ince the  t r a n s i t  t ime i s  always f i n i t e ,  these ages must be regarded as upper l im-  
i t s  o f  t he  surface exposure age, which we are  a f t e r .  Arrows are  i nse r ted  t o  remind us o f  
t h i s  f ac t .  I n  two cases where the t r a n s i t  t ime was independently determined from the  A12" 
content  (Nogoya, Pantar), the  surface exposure age seemed t o  be on the  order  of l o 5  years 
(Anders, 1975). D i f f e r e n t  samples o f  t he  same meteor i te  are  connected by s o l i d  l i n e s .  

The Ne20 contents a l s o  may be somewhat too low, owing t o  d i f f us ion  losses. The correc- 
t i o n  should be much smal ler  than f o r  l una r  s o i l s ,  because gas- r ich  g ra ins  i n  meteor i tes 
genera l ly  l ack  the  radiation-damaged, amorphous surface layers,  which a re  very leaky and 
are  responsible fo r  most o f  t he  gas l oss  from lunar  s o i l s  (Ducat i  e t  al. , 1973; Poupeau 
e t  aZ., 1974). Precise cor rec t ions cannot be estimated from the  Ne/Xe r a t i o ,  owing t o  the 
presence of  p lanetary  Xe, bu t  i t  seems l i k e l y  t h a t  t he  c o r r e c t i o n  fac to rs  are smal ler  than 
5x o r  perhaps even 2x. V e r t i c a l  arrows i n d i c a t e  the  d i r e c t i o n  o f  t he  co r rec t i on .  

Gas Content and Surface ikposure Age. I n  s p i t e  of these unce r ta in t i es ,  F igure  1 re-  
veals two s ta rk  and simple fac ts :  meteor i tes have sho r te r  exposure ages and lower gas 
c o ~ ~ t e n t s  than do l una r  s o i l s ,  by 1-3 and 3-5 orders o f  magnitude, respect ive ly .  Er rors  i n  I 

these q u a n t i t i e s  cannot account f o r  t h i s  difference. Exposure ages fo r  meteor.ites are  
upper l i m i t s  because they inc lude the t r a n s i t  time, bu t  any co r rec t i on  f o r  t h i s  e f fec t  can 
on ly  en.,irge the d i f fe rence.  Ne20 contents are lower l i m i t s ,  b u t  are  u n l i k e l y  t o  be i n  f 
e r r o r  by m r e  than a f a c t o r  o f  5. Moreover, P r i ce  e t  at.  (1975) have shown t h a t  t h i s  un- 
c e r t a i n t y  can be circumvented by using s o l a r - f  l a r e  t rack  d e i s i  t y  ra the r  than Ne20 content  
as an i n t e g r a t o r  o f  s o l a r  co rpusc~ t la r  r a d i a t i o n  (F igure  2) .  3ere the  t o t a l  r a d i a t i o n  dose 
i s  g iven by the product  fotilax, where f = f r a c t i o n  of t r a c k - r i c h  gra ins  and pmax = maximum 
t rack  dens i ty  a t  the  edge o f  t he  gra in .  Two o f  the  most gas-rich, non-pr imi t ive  meteor i tes 
( the  howardi t e  Kapoeta and the H chondri t e  Fayet tev i  1 l e )  fa1 1 two orders o f  magnitude below 

I 

the most heav i l y  i r r a d i a t e d  1 unar so i  l s ,  whereas f i v e  carbonaceous chondr i  tes  fa1 1 3-6 orders ! 

o f  magni tude below. 

Taken a t  face value, the  meteor i te  data suggest a format ion d is tance l ess  than 10 AU, I 
i n  some cases appreciably less:  <2.6 AU f o r  the  C2 chondr i te  Cold Bokkeveld, <1.2 AU f o r  
the  howardi te Ka~oeta ,  and <3.7 AU f o r  t he  H chondr i te  F a y e t t e v i l l e .  The as te ro id  b e i t  I 
would seem t o  be the most 1 i ke ly  source. 
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Fig. 2. Product of so la r - f l a re  track 
densi ty om, and f rac t ion  o f  t rack - r i ch  
grains f, a more saturat ion-proof i nd i -  
cator  o f  surface exposure (Pr ice s t  af. , 
1975). correlates w i t h  cosmic-ray e! o- 
sure age i n  much the same way as Ne- ! 
does i n  Figure 1. Carbonaceous chon- 
d r i t e s  ( c i r c l es )  again have lower track 
dens i t ies  and ages than do lunar  s o i l s  
(crescents), which suggests formation a t  - 
a greater distance from the Sun, i n  a 7 
region of higher c ra te r ing  ra te .  D i f f e r -  o E 
ence i s  less marked for  howardite Kapoeta 
(K) and H chondri t e  Fayettevi 1 le (F). o 

h s 

Cosmlc Roy Exposure Age (My) 

Cmtt-r ing RatcP. These data contain s t i  11 another. nlore dec is ive c lue po in t ing  to  the 
astero id  t e l t :  the low gas contents and short  cosmic-ray exposure ages of .w teor i tes  com- 
pared t o  lunar so i l s .  Apparently meteorites come froni a region where the c ra te r ing  r a t e  i s  
much higher than a t  1 AU, so that mater ial  stays a t  the surface f o r  a much shor ter  time 
before re-bur ia l .  The astero id  be l t ,  w i th  i t s  high f lux  of rubble. again i s  the ohvious 
candidate. Indeed, quan t i ta t i ve  c o n s i d e r a t i ~ n  o f  c ra te r ing  rates (Anders. 1975) leads t o  
predicted NeZ0 content, that  agree ra t t ler  we1 1 w i  t C  observed values (Table 3). 

The data i n  Figures 1 and 2 thus show pervasive, fundanlentdl d i f fe re~ tces  between me- 
t eo r i  tes and lunar so i  1s: meteorites have consi t  t21 l t ly  smaller gas contents, t rack den- 
s i  t ies ,  and exposure ages than do lunar so i l s .  The di f ferences anount t o  factors o f  10;-lo6, 
nluch larger  than the dpproxintations and s imp l i f i ca t ions  involved i n  Equation (1 ) .  Wether i l l  
(1978) n!aintains that  these differences cannot be conclusively in terpreted i n  ternis o f  d is-  
tance, surface exposure age, and c ra te r ing  r a t e  u n t i  1 a "detai l ed  understanding o f  the 
probable nature of an asteroidal  r ego l i t h "  has been attained. I t  i s  not c lear,  however. 
what physical parameters other than a. t .  and H are capable o f  accounting f o r  factors of 
lo2-1Q6, and hence how a more deta i led understanding can d ras t i ca l l y  a1 t e r  the f i r s t - o rde r  
p ic tu re  presented here. 



Table 3. Predicted Ne20 Contents o f  Lunar and Asteroidal  Regoliths 

Moon Asteroid ( r  = 100 km) 

He1 iocen t r i c  Distance, AU 

Crater ing Rate, cm/yr 8 x10-8  7.3 x 10's 

Ne20 Flux, cc STP ~ r n - ~ y r ' l  2 x lo'e 3.2 x 10'9 

Predicted NeZ0, cc STP/g 8 x 1 0 ' ~  1.2 x lo'= 
Observed NeZ0, cc STP/g 5.6 x 2.9 x 10'6 

(Lunar soi  1s ) (H chondri tes)  

Dspth of Asteroidat Regotitha 

There has been some controversy over the thickness o f  asteroidal  regol i ths ;  i n  par- 
t i cu l a r ,  whether asteroids can develop t h i c k  enough rego l i ths  t o  account f o r  the great 
abundance of gas-rich meteorites (Table 1 ). Let  us approach t h i s  problem empir ica l ly ,  and 
see what the meteorites t e l l  us about the regol i ths o f  t h e i r  parent bodies. 

Wanke (1966) has made the important observation t ha t  gas-rich H chondrites show essen- 
t i a l l y  the same cosmic-ray age d i s t r i bu t i on  as do a l l  H chondri tes, and are present not  only 
i n  the continuum but a lso i n  major peaks such as those a t  5 blyr and 22 Myr (Figure 3). This 
shows t ha t  a gas-laden r e g o l i t h  must extend t o  s u f f i c i e ~ t  depth t o  assert  i t s e l f  even i n  the 
la rger  and deeper impacts. 

r iWNDnlTtS 

Fig. 3. Cosmic-ray exposure ages o f  gas-rich H chondri tes ( top)  peak a t  
the same values (5  and 22 Myr) as the ages o f  a l l  H chondrites, and tb? 
proport ion o f  gas-r ich meteorites i n  the continuum IS comparable t o  t ha t  
i n  the peaks. Evident ly large and small impacts e j ec t  about the same 
proport ion o f  gas-rich meteorites, which suggests tha t  solar-wind i r r a d i -  
ated regol i t h  mater ial  comprises a rougtily constant f r ac t i on  of the outer  
layers,..down t o  a t  l eas t  the depth o f  the la rges t  crater ,  0.5-1.2 km. 
(From Wanke, 1966). 

a 



Let us roughly estimate a minimum depth for  the largest  event i n  Figure 1, the 5 Myr 
peak. Some 472 of a l l  dated H chondrites are i n  t h i s  peak, and since H chondrites com- 
p r i se  37% o f  a l l  choedri t e  f a l l s ,  the 5 M r peak contr ibutes some 17';, of  the annual i n f l u x  
o f  chondrites, %lo8 g l y r  (Wefh.rili, 19773. I f  the dynamicdl mean l i f e  against planetary 
capture i s  30 Myr, and one-thi r d  o f  these meteorites eventual ly f a l l  on Earth, then the 
t o t a l  reservo i r  o f  H chondrites from the 5 Myr impact i s  1.7 x lo i5 g. 

This value includes only mater ial  i n  the meteor i t ic  mass range ( l o 2  g - 2 x 10: g), 
and we must therefore in tegrate the mass d i s t r i b u t i o n  t o  la rger  masses--say 2 x 10ld g, 
corresponding t o  a diameter o f  about 100 m. If we do t h i s  for two extreme choices of the 
population index 8 i n  :he cumulative s ize d is t r ibu t ion ,  2.5 and 3.6, we obtain 2.2 x 1016 g 
and 2.0 x 1015 g f o r  the t o t a l  mass. 

From these values, we can f i n d  the s i ze  o f  the crater .  With the Short and Forman (1972) I 

r e l a t i on  f o r  the volame o f  the crater,  and a depth/diameter (it1.n) r a t i o  o f  0.35, we obta in  
D =  3.3 and 1.7 km and h = 1.2 and 0.53 km. According t o  Figure 1, the f rac t ion  o f  ?as-r ich 
meteorites i n  the 5 Myr peak i s  10/72 = 0.14, so i f  t h i s  f i gu re  i s  representative, then the 
r ego l i t h  thickness would have t o  be 160 m o r  70 m f o r  the two cases. I ' 

Actual ly,  the t r ue  thickness must be much greater. Wanke (p r i va te  co~municat ion, 1967) 
has pointed out  t ha t  each o f  the la rger  peaks i n  the rad ia t ion  age spectrum (Figure 3) con- 
tains chondrites o f  a l l  pet ro log ic  types, from H3 t o  H6. I t  does not seem p laus ib le  that  

I . 
a l ?  these types or ig inated i n  a shallow zone o f  2.1 km depth. The peak metamorphic tempera- i : 
tures o f  H3 and H6 chondri tes d i f f e red  by a t  l eas t  300°C (<60OpC vs. 950 ? 100°C; Wood, 1967; t i  

Onuma s t  at., 1972), and i t  seems very d i f f i c u l t  t o  estab l ish such a steep temperature j r a -  
d ient  over a distance o f  less than 1 km, l e t  alone maintain i t  over the 2.10 y r  durat ion of 
metamorphism. 

T4e obvious answer i s  tha t  the H chondri te parent body has been extensively mixed by 
ear l i e r ,  l a rger  impacts, so tha t  meteorites of a l l  pet ro log ic  types, as wel l  as r e g o l i t h  
material, are c lose ly  juxtapdsed and are ejected together even by sma! 1-scale impacts. The 
o r i g i na l  s t ra t igraphy may have resembled that  o f  the L ~ h o n d r i t e  parent body (Figure 4). as ' I  
reconstructed from the observed frequency of pet ro lcg ic  types. (There i s  evidence tha t  the I 

L chondri t e  parent body was completely shattered i n  a c o l l i s i o n  about 500 Myr ago (Anders, 1 

1964; Heymann, 1967; see also sect ion e n t i t l e d  "Outgassing o f  the L Chondrite Parent Body"), 
and so the L chondrites f a l l i n g  on Earth mey be a re 'a t i ve ly  unbiased sample of t h i s  body.) 
If so, then mixing acd b r  .c ;a t ion must have penetrated a t  l eas t  0.12 r i n t o  the H chondri t e  I ,  

parent body, t o  expose the H6 layer. ! 

i 

Fig. 4. Cross sect ion of L chondrite 

i pdrent body. shw ing  volume f rac t ion  
occupied by each pet ro log ic  type. 

/ , i  Because L chondrite :,are-)t body seems 
to  have completely broken up about 

I 500 Myr ago, volume f r ac t i on  of each 
pet ro log ic  type should be proport ional 
to  i t s  observed frequency. 

I 



Apparently, t he  H chondri t e  parent body thus has a subs tan t i a l  "megaregol i th"  
(Hartmann, 1975). A rough idea of i t s  avera e depth may be obtained from the abundance o f  
s o l a r  Ne20 i n  meteor i tes.  The mean s o l a r  NeqO content  o f  34 gas- r ich  il chondr i tes (Schul tz 
and Kruse, 1977) i s  2.9 x cc STP/g. With a s o l a r  Ne20 f lm o f  7 x l o e 9  cc ~ m - ~ y r - l  
a t  2.5 AU, a 14 km l a y e r  o f  such mater ia i  could be produced i n  4.6 d. Three observations 
suggest t h a t  t h i s  mater ia l  a c t u a l l y  i s  unevenly mixed through a l a rye  volume o f  the  body: 
the  wide v a r i a t i o n  i n  s o l a r  Ne20 content  among gas- r ich  H chondr i tes (%103x), the coexis-  
tence o f  H3 t o  H6 mater ia l  i n  a s i n g l e  gas- r ich  ,meteorite, and the simultaneous e j e c t i o n  
o f  H3 t o  H6 mate r ia l  i n  small c r a t e r i n g  events. I n  the l i g h t  o f  these observations, i t  
seems u n l i k e l y  t h a t  the o r i g i q a l  accre t iona l  s t ra t i g raphy  has been preserved i n  meteor i te  
parent bcdies. 

These obsemtLons (as d i s t i n c t  from inferences) a l s o  seem hard t o  reconc i l e  w i t h  the 
f requent asse r t i on  t h a t  as tero ids  can on ly  have t h i n  r e g o l i t h s .  The observations are  we1 l- 
documented, and so perhaps the f a u l t  l i e s  w i t h  the  models t h a t  p r e d i c t  t h i n  r e g o l i t h s  on 
asteroids.  

ASTEROIDS OR SHORT-PERIOD COMETS? 

Granted t h a t  t he  gas implanta t ion  took p lace i n  the a s t e r 9 i d  b e l t ,  was the me teo r i t i c  
subst ra te  i t s e l f  as te ro ida l  o r  cometary? Short-per iod comets t raverse the as te ro id  b e l t  i n  
the f i n a l  phase o f  t h e i r  h i s to ry ,  and cou ld  conceivably develop a gas- r ich  reg01 . t h  dur ing 
t h a t  per iod.  There are four  l i n e s  o f  evidence bear ing on t h i s  quest ion.  

Chemical Conposi tion 

Comets appear t o  h a v ~  carbonaceous chondri t e  composition, j trdqing froni meteo -pec t r a  
(Millman, 1972) and from the abundance pa t te rn  o f  the micrometeor i te component i n  .unar 
s o i l s  (Ganapathy e t  aZ., 1970). Thus they cou ld  indeed serve as a source o f  gas- r ich  car-  
bonaceous chondr i tes.  I t  seems u n l i k e l y ,  however. t h a t  they cou ld  a l so  fu rn i sh  the less  
p r i m i t i v e  types o f  gas- r ich  meteor i tes:  howardi tes,  aubr i  tes, o r  ord inary  chondri tes.  A1 1 
these c lasses have had a prolonged, h igh- temperature h i s t o r y  under dry  cond'l.ions, which i s  
hard t o  reconc i l e  w i t h  the v o l a t i l e - r i c h  cowposit!on o f  comets. Other arguments against  a 
cometary o r i g i n  have been given by Anders (1971). 

I Prevalence of Gas-Rich Meteorites I !  
One important  cons t ra in t  i s  the conmn occurrence o f  gas- r ich  meteor i tes i n  near ly  a l l  

classes of  stony meteor i tes (Table 1).  The on ly  exceptions are e i g h t  ra re  classes, w i t h  a 
t o t a l  of  49 members: E chondri tes,  C30 chondr i tes,  d iogeni  tes, u r e i  li tes, nakhl i tes, 
angr i  tes, and chassi gni tes. 

Thus a f a i r l y  l a r g e  f r a c t i o n  o f  the  sdurce volume o f  meteor i tes inust have been trans- 
" I formed i n t o  a gas-laden r e g o l i t h .  Comets c r e  doubly disadvantaged r e l a t i v e  t o  as tero ids  

i n  t h i s  respect: t y p i c a l l y ,  they are  1-2 orders of  nlagnitude smal ler  and spend J orders of 
magnitude l ess  time i n  the  as te ro id  b e l t .  A c a l c u l a t i o n  analogous t o  t h a t  i n  Table 3 shows 
t h a t  a 30 km comet would develop a rego:i t h  o f  only 4 n; thickness i n  10' y r .  corresponding 
t o  4 lo - "  the  mass o f  the body. This i s  c l e a r l y  i n s u f f i c i e n t  t o  exp la in  the h igh abun- 
dance o f  gas-r ich meteorites. Moreover, s ince much o f  t h i s  ma te r ia l  was near the comet's 
surface f o r  4.5 AE, i t  would show a h igh  cosmic-ray exposure a, ). cont rary  t o  observat ion 

t ---. -4  * - - ,  
1 

. ;. 
* - --  ..- - - -- - 
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The preceding ob jec t i ons  aga ins t  a cometary o r i g i n  of chondri tes a t  l e a s t  ccu ld  be 
dismissed i f  cometary mat ter  had acquired i t s  s o l a r  gases i n  a hypo the t i ca l  "ea r l y  i r  . j d i -  
a t i o n "  i n  i n te rp lane ta ry  space, r a t h e r  than on a r e g o l i t h .  But there  are  numerous 0b:t.c- 
t i o n s  aga ins t  t h i s  idea. 

i 
. I Owing t o  the low energy o f  s o l a r  wind ions, the  gas must be removed t o  a res idua l  

dens i ty  o f  < lo5 mc:ecules/cm3, some 9 orders o f  magnitude 1 ~ z c  than the i n i t i a l  dens i t y  ir 
'1  1 1 the  s o l a r  nebula. I t  i s  n o t  obvious how th,? gas can be removed w i thou t  c a r r y i n g  the dust  

1 1  , .  along. Also, on t h i s  hypothesis, dccre t io t l  o f  comets and e j e c . i o n  t o  the Oort  b e l t  s t i l l  
t 

, ' 

1 ;  I t  have t o  take p lace a f t e r  i r r a d i a t i o n ,  p e t  the gas which both  pr.ocesses requ i re  i s  a l ready 
gone. 

1 
, I .  kloreover. there  e x i s t  C 2  chondr i tes  w i thou t  s o l a r  gases. and o thers  w i t h  gas - r i ch  and 

, 1 I gas-poor po r t i ons  o f  otherwise i d e o t i c a l  minera:ogy (Nogoya. blurray, Mokoia, e t c .  ) .  

' I ,  Wethe r i l l  (1978). who considers an e a r l y  i r r a d i a t i o n  'o be a v i a b l e  propos i t ion .  has c o t  
d I explained how t!lese r ;-poor ma te r i a l s  a r e  t o  be pro tec ted aga ins t  the e a r l y  i r r a d i a t i o n ,  

$ 1  : i / now they a re  t o  be mdl-:d w i t h  i r r a d i a t e d   arer rial on l y  o f  the sane mlneralog,, and how the ' t c o r r e l a t i o n  i~ kigures  1 and 2 i s  t o  be accounted f o r .  

Most important ,  thc compac t i o~  ages o f  sas - r i ch  meteor i tes a re  c o n s i s t e n t l y  so lor te r  
chan 4.55 AE, ~..g., 4.22 t o  4.43 AE f u r  carbonaceous chondri tes (Macaougall arid Pr ice .  1974; 

I 
Macdougall and Kothar i ,  1976). <1.3 AE f o r  o rd inary  chondr i tes (Schu l tz  and Signer, 1977). 
and <3.6 AE fo r  the howardi t e  Kapoeta (Dymek ct  .I:. . 1976). Thus, yas - r i ch  metcor i  tes must 
have been made by processes t h a t  s t i  11 operated i n  t' 2 s o l a r  system 1.4 AE ago. no t  by t h a t  
du;able chimera, the  " e a r l y  i r r a d i a t i o n . "  

. I /' 
a: tgaqassing of t h z  i Chondri tr  Parent i?od:!,'i 

I I i A r e c u l i a r  t r a i t  o f  L chondr i tes i s  the preponderance o f  sho r t  K-Ar and U-He ages, 
I I 

! ! which are  d iscordant  between 1 and 4 AE b u t  become concordant a t  0.5 AE ,(Figure 5 ) .  Tnese 
I 

sho r t  ages c o r r e l a t e  w i t h  shock and reheat ing symptoms, and the  obvious e x p l ~ r l a t l o ~  there- 
f ? r e  i s  t h a t  the L chond r i t e  parent  body broke up 0.5 t1E ago (Anders. 1964; He) .,arm. 1967. I 

1 
Taylor  and Hey~nann, 1969. 1971; Turner d ,~d Cadogan, i973; 6ogard it a? .  , 1976). The h igh  b 

p r o ~ o r t i o n  u f  s t rong l y  heated r r e t c o r ~ t e s  (950-1250'C; Wood, 1967, S n ~ i t h  and Goldstein,  
19773 i ~ i i p l i e s  a h igh  i npu t  o f  k i n e t i c  energy per u n i t  nldss, and hence a h igh  o r o j e c t i ! e /  
t a rge t  mass r a t i o .  The slow coo l i no  ra tes  o f  rnany o f  the heated meteor i tes  (0.01-1 degreei 
year )  s ~ g g e s t  t ha t  t i le pr imary fragments were o f  k i l ome te r  d inwn- '  > ions.  ! 

I 

A t  l e a s t  two- th i  rds o f  the know0 I chondr i  tes bear the s ignature  o f  t h i s  500 4y r  r e -  
) 

heat ing  event. and henc? niust have been contained i n  one o r  a t  111ost two bodies a t  t h a t  t irne. 
This i s  ear./ t o  reconc i l e  w i t h  an as te ro ida l  bu t  n?? w i t h  a cc'netary o r i g i c ,  becz2se corncts I 
su re l y  d i d  not  o r i q i n a t e  i n  a s i n a l e  c o l l i s i o n ,  nor were t h e j  heated t o  .1000' f o r  centur ies  

I o r  m i l l enn ia  a f t ~ r w a r d s .  
I 
i ! 

i ~ a n k e  (1966) and d e t h e r i l '  (1978) have questioned t h i s  i n t e r p r e t a t i o n .  I n  t h e i r  view. 
I 

1 ' 
the gas loss  occurred du r i ng  the f i n a l  c o l l i q i u n  t h a t  e jec ted  the decimeter--sized r r~e teo r i t e  

: p from i t s  y r e n t  body, and corresponds t c  the o ~ i s e t  o f  cos th :~- ray  exposure. The rad iop rn i c  
4 , "age" o f  560 Myr theq does not  represent a t r u ~  age. bu t  ~r ie re ly  the f o r t ~ i  tous r e t e n t i o n  o f  

j 1 1 :ome 6 o f  the He4 dnd 3 3 f  the Arb@. 
.- /-- I I ! 

_ ------- This hypothesis does no t  exp la in  why sho r t  gas- re tent ion  dces arc- 1-ach Illore collrllon 
among L thdn arrlong ti chondr i tes (F igure  5 )  and why they occur acrcss the f u l l  range o f  

i 'J , 
cosmic-ray aqes (F igure  6 ) .  If the gas l oss  took p lace on ly  du r i ng  the impact correspc~nd- 
i ng  t o  the cosmic-ray age, why are these inipacts always morc severe on the L chona r i t e  

' ,  : j parent body? Studies a t  lunar  and t e r r e s t r i h l  c r a t e r s  show t h a t  the  major oa r t  3f the  



Fig. 5. L chondrites show a large proport ion o f  U-He ages less than 2 At, 
accompanied by shock ard reheating e f fec ts  i n  most cases (Taylor and 
Heymann, 1969). Because these ages tend t o  become concordant w i t h  K - A r  
ages a t  0.5 AE, i t  appears t ha t  large pol t ions o f  the L chondri te parent 
body here reheated and outgassed a t  t ha t  time, presumably by a c o l l i s i o n  
tkt ,;sduced a Hirayama family. 

Fig. 6. Regardless o f  c o ~ - . c  ray age, shor t  U-He ages are common among 
L chondrites but rare among H chondrites. Many o f  these meteorites a lso 
were shock-heated t o  950-1250°C and cooled a t  rates o f  0.01-1°/yr, corre- 
sponding t o  bu r i a l  depths o f  up t o  1 km o r  more. Consequently, the gas 
loss and reheating cannot have been caused by the impact t r i gger ing  the 
cosmic-ray exposure era, but by an ear l i e r ,  l a rger  event. (From Wanke, 
1966). 



ejecta i s  only l i g h t l y  shocked, and does no t  have i t s  gas-retention ages reset. Wholesale 
gas loss, as f o r  the L chondrites (Figures 5 and 6) i s  very much the exception, and needs 
t o  be explained by some exczptional event, such as the c o l l  i s i o n  o f  two bodies of compa- 
rab le  size. 

Moreover, metal lographic studies show t ha t  many shocked L chondri tes cooled a t  rates 
o f  1 t o  0.01 deg/yr, corresponding t o  b u r i a l  depths o f  a ki lometer o r  more. But the impact 
t ha t  s ta r ted  the cosmic-ray exposure by d e f i n i t i o n  must have reduced the meteori te t o  less 
than a meter i n  size, avd so cannot be responsible for  the heat ing a t  1000 m depth. 

METEORITES AND ASTER0 IDS 

HimmZogy and Accretion Tenpemture 

Evidently, gas-rich meteorites formed as recent ly  as 1.4 AE ago, I n  a region 1-8 AU 
from the Sun where the c ra te r ing  r a t e  was lo2- lo3  times higher than a? 1 AU. These charac- 
t e r i s t i c s  po i n t  uniquely t o  the astero id  b e l t .  Moreover, astero id  mineralogy, as in fer red 
from spect ra l  r e f l e c t i v i t y  data, matches chondri t e  mineralogy t o  f i r s t  order. Asteroids, 
l i k e  chondrites, d i v ide  i n t o  a carbonaceous and a s i l iceous class, m:d since the tmtsi t ion 
fZlom siticeous to  cmbonaceacs nrinemiogy occu~8 a t  a nebutar condensction tenpemture of 
400°K (Larimer and Anders, 1967; Anders, 1972). i t  appears t ha t  ehondntes and ast.?ruids 
both c.ondensed i n  the wgia tmve~sed by the 400°K isotherm. 

Wether i l l  (1978) has c r i t i c i z e d  the condensation theory because i t  f a i l s  t o  exp la in  
why spec t ra l l y  d i f f e r e n t  asteroids occur a t  the same he l iocen t r i c  distance. I n  the f i r s t  
place, the co r re la t ion  o f  mineralogy w i t h  distance i s  not  bad, considering t ha t  tempera- 
tures f e l l  not only w i t h  distance but  a lso w i th  time (by some 50-100"; Anders, 1972; 
Alaerts e t  a t .  , 1977). Asteroids formed a t  large distances, where even the i n i t i a l  temper- 
atures were below 430°K, would be carbonaceous throbgnout; those a t  small distances, where 
even f i na l  t~mperatures were above 400°K, would be s i l i ceous  throughout; and those a t  i n t e r -  
mediate distances would have s i l iceous cores and carbonaceo~s mantles. Breakup of such 
hybrids would g ive a mix of C and S objects a t  the same distance. 

! Second, there i s  reason t o  be l ieve tha t  astero id  o r b i t s  have been scrambled since 1 t h e i r  formation. Whipple e t  at. (1972) have shown tha t  the h igh i n c l i n a t i o n  of 2 Pal las k 
1 ,  

4, 1 

cannot have 0ers is teJ throughout the accret icn stage, bu t  must be a post-accret ional fea- 
. , tu re  caused by an unknown perturbat ion process. This i s  also t rue  of other asteroids of 

1 1  high i and/or e .  Thus the imperfect co r re la t ion  between composition and semimajor ax is  i s  
a problem i n  dynamics, no t  cosmochemistry. No matter how t h i s  problem i s  u l t ima te ly  re- \ .; solved, the f ac t  remains t ha t  both meteorites and asteroids show the d i s t i n c t i v e  chacge i n  
mineralogy expected a t  400°K. Hence both must have formed i n  a reqion oi' space traversed 
by the 400°K isotherm. 

Xenoti thg 

A l l  of the objects proposed as meteori te parent bodies--asteroids, comets, Apollos-- 
I have o r b i t s  tha t  cross a t  l eas t  p a r t  of the astero id  be1 t for  a t  l eas t  pa r t  o f  t h e i r  h i s -  
! tory. During tha t  time they sweep up a random sample o f  astero ida l  debris, and cement some 

o f  i t  i n t o  impact breccias. Meteorites eventual ly carry  t h i s  debris t o  Earth i n  the form 
o f  xenol i ths (=  foreign inc lus ion$) .  I n  t h i s  manner, meteorites ac t  as a "poor man's 
space probe," samplin- bodies whose o r b i t s  do not a l low t h e i r  debris t o  reach the Earth 1 ;  I 

d i r ec t l y .  (;here may be some d iscr iminat ion against bodies o f  h igh encounter ve loc i t ies ,  

( I  ! but  t t i s  w i? '  gradual ly lessen a t  l eas t  f o r  the f i n e  debris, as i t s  o r b i t s  become c i rcu -  
lar ized.  ) \ I i  I 

I ;  . 
' i  
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Fig. 7. Xenoliths ( foreign i w l u s i o n s )  i n  
meteorites provide a r e l a t i v e l y  unbiased 
sample o f  mater ial  i n  the astero id  be l t .  
Carbonaceous chondri tes , especia l ly  C2s, 
predominate, accounting f o r  20 out  o f  27 
xenoliths. Ordinary chondri tes and t h e i r  
re la t i ves  (Ch) are the second most abundant 
class, w i t h  f i ve  represe~r ta t i  ves . None o f  
the meteori te classes t en ta t i ve l y  i den t i -  
f i e d  w i t h  S asteroids (mesosideri tes, i rons, 
Feff-bearing achondri tes ) have thus far  been 
found amng the xenoliths, and so i t  seems 
t ha t  ordinary chondrites and t h e i r  k i n  are 
more 1 i kely  candidates f o r  S astero id  
mater ial .  

i i 
! 

I 

I .  
I '  

i :  

. . 

t ha t  C2 chondrites are very abundant i n  a t  l eas t  one pa r t  of the astcro id  be l t .  The spec- 
trophotometric i den t i f i ca t i nns  o f  C2-1 i ke mater ial  by McCord and h i s  students (McCord, 1978 

! 
1 ;  

0 



Fig.  8. Gas-rich po r t i ons  o f  howardites 
conta in  a  foreign coaiponent, represent ing  
mixed i n te rp lane ta ry  debr is  p icked up du r i ng  
t h e i r  reg01 i t h  h i s to ry .  Abundance pa t te rns  
o r  t h i s  component i n  Jodzie avd Kapoeta show 
some resemblance t o  i? chondr i  tes, suggesting 
t h a t  C2 i hona r i t es  a re  the most abundant type 
of ma te r i a l  i n  the  rea ion ..f the howardi t e  
parent  body. (Frorn Hertogen c t  aZ., 1978). 

and references c i t e d  t h e r e i n )  thus a re  s t ronq l y  sup??rted by tang ib le  samples (F igure  S) ,  
and hence hard ly  need t o  be prefaced by caut ious disc la in lers.  

( 3 ;  "Ordinary chondr i tes"  i n  tne  broadest sense cc rcrise the  second nlost ahundant 
group. R I J ~  on ly  one o f  f i v e  such xeno l i t hs .  crn t! chondt- d c t u a l l y  c o r r e s n ~ n d s  t o  a  

c lass .  Thus the  o rd ina ry  chondr i  tes  are  n o t  r a r e  ;. der i ved  from 1-3 vct- tn-be- 
discovered as tero ids  o f  the r i p h t  re f lec tance spectrum. , , are sa1;lples o f  a  r a t h e r  abun- 
dant type of mate r i a l ,  o f  f l ietal content  ,-20'., which i s  cunmon e111)ugh i n  the a s t e r o i d  b e l t  
t o  have con t r i bu ted  f i v e  o u t  o f  27 xeno l i t hs .  

I t  i s  sugqestive t h a t  the second most abundant group o f  vnno l i t hs  nlatches the second 
nnst  ahundant c lass  o f  asteroids,  the S as tero ids .  i n  gross nr i~ ieraloqy.  Both cons i s t  
mainly of u l t r ama f i c  s i l i c a t e s  and metal. Accordin? t o  sorlc i n t c r p r e t n t i o n s ,  howcvet-. the 
S as tero idq  are  niuch r i c h e r  i n  meta' (0-50 vs. <2fl ) ,  and thus rcscmblr e i t h e r  stony i r ons  i 
(mesosideri tes, pa l  l a s i  t es )  o r  coarser-scale ( ? I  CI!~) mixtures o f  s i  1  i c a t c s  and metal ,  r a t h e r  I 

than chondr; fes (McCord and Gaffey, 1974; Chapman, 1976, 1977). This i n t e r p r e t a t i o n  ra ises  
th ree questions: 



I .  

I I b ; 8 ;' 
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I '  i j  1 i . k b '  ' 1 ;  , '  I '  

1 )  ! i , ~  I I , 1 ;  LA I t , 
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1. Why i s  t h e  second m s t  abundant as te ro id  c lass  no t  represented 
among xenol i ths? 

2. Why a re  i t s  m e t e o r i t i c  equ iva lents  so ra re  among known f a l l s  
(11 stony i rons,  o r  46 i rons  and 67 achondri tes* among 854 f a l l s ) ?  

3. Why i s  there  no as te ro ida l  equ iva lent  of  the  most populous c lass  
o f  meteorites, and o f  the  Apollo-Amor ob jec ts  t h a t  resemble them? 

The f i r s t  quest ion has no ready answer. The greater  crushing s t reng th  o f  stony i rons  
would cause some underrepresentation, b u t  t h i s  i s  o f f s e t  by the i rrconspicuousness of ord in-  
a ry  chondr i te  xeno l i ths  i n  ord inary  chondr i te  hosts. 

t 
To answer the  second question, one might pos tu la te  dynamical b a r r i e r s  t h a t  prevent t he  

great  m a j o r i t y  of S as tero ids  from d ispatch ing f r a ~ m e n t s  t o  Earth. But t h i s  seems u n l i k e l y :  
s ince S as tero ids  are  the second most abundant c lass  o f  asteroids,  and a re  f a i r l y  evenly t 

spread through the inner  h a l f  o f  t he  b e l t ,  they s h o l ~ l d  con t r i bu te  t h e i r  share o f  meteor i tes 
and Apollo-Amor ob jec ts  l eav ing  the be1 t through various escape hatches. Though t h e i r  pre- 

J 

sumably greater  crushing s t reng th  might cause them t o  be underrepresented r e l a t i v e  t o  C 
asteroids,  t h e i r  concent ra t ion  i n  the  i nne r  h a l f  o f  the  b e l t ,  where most o f  t he  escape i .  
hatches are, would o f f s e t  t h i s  fac tor .  I r o n  m e t w r i  tes  have s t i l l  h igher  crushing strengths,  i 
and y e t  about 12 c lasses o f  i r ons  (of very d iverse chemistry, coo l i ng  ra te ,  and hence nebu- ! 
1ar p lace o r  o r i g i n  ( K e l l y  and Larimer, 1977; Scot t  and Wasson, 1975)) do ge t  ou t  i n  copious 
numbers, although ( m e t a l l i c )  M Asteroids are much r a r e r  than S as tero ids .  And so do var iocs  
kinds o f  achondrites, though t h e i r  as te ro ida l  counterparts are e i t h e r  unobserved, o r ,  i n  the 
case o f  Vesta, unfavorably s i t ua ted  for  t ransmission o f  meteor i tes t o  Earth. Since these 
ra re  types are  able t o  asser t  t i~emselves, and reach Ear th  i n  s i g n i f i c a n t  numbers, i t  i s  n o t  
c l e a r  how the far  more abundant S as tero ids  are  t o  be prevented from d ispatch ing t h e i r  f rag- 
ments t o  Earth. 

Thus we are  l e f t  w i t h  two p o s s i b i l i t i e s .  E i t h e r  the S astero ids  are  stony i rons,  i n  
which case we must exp la in  why they are  autnumbered i n  the wor ld 's  meteor i te  c o l l e c t i o n s  by 
the me teo r i t i c  equivalents o f  much r a r e r  o r  unobserved as te ro id  types. Or they are  o r d i -  
nary chondrites, i n  which case we must exp la in  why the  spect ra l  r e f l e c t i v i t y  data t e l l  us 
otherwise. A poss ib le  reason i s  p re fe ren t i a l  erosion o f  b r i t t l e  s i l i c a t e  p a r t i c l e s ,  leav- 
i n g  the surface enriched i n  metal. I, a t  least ,  f i n d  i t  eas ie r  t o  be l i eve  t h 3 t  the spec- 
t r a l  r e f l e c t i v i t y  data mislead us than t o  acceDt the a l t e r n a t i v e :  t h a t  t he  most abundant 
meteor i te  c lass has no as te ro ida l  equivalent ,  and the second most abundant as te ro id  c lass 
has no x e n o l i t h i c  and on ly  r a r e  m e t e o r i t i c  equivalents.  
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ARNOLD: The luna r  exposure has been comparatively recent,  I mean i n  the  l a s t  couple o f  
b i l l i o n  years. The exposures t h a t  produce these r a r e  gases were o lde r ,  presumably, and 
does one no t  assume t h a t  such cond i t ions  as the r a t i o  o f  the age i n d i c a t i n g  f l u x  to  the 
s o l a r  wind f l u x  constant? Cer ta in l y  the l una r  evidence. and conmon sense also,  suggests 
i f  we were going back a  long time, the c r a t e r i n g  r a t e  was considerably higher back a t  
the beginning than a t  any l a t e r  po in t .  

ANDERS: Some o f  these meteor i tes conta in  xeno l i ths  and c l a s t s  t h d t  hdve been separately 
dated and some of them are as yout?g as 1.4 b i l l i o n  years. This means the compaction of  
these rocks happened s t i  11 more recen t l y  qnd therefor1 the implanta t ion  of these noble 
gases d i d  not  occur a t  the  dawn o f  the  sc J r  system but  i n  recent  times, over lapping 
the format ion t ime o f  the lunar  breccias.  

VEVERKA: Are these argon loss ages? 
ANDERS: For Kapoeta they are rubidium-stront ium ages, f o r  s o w  o f  t he  others they are 

potassi  um-argon ages. 
WETHERILL: I th ink  i t  i s  important  t h a t  you recognize you are  t a l k i n g  about e n ~ i r e l y  d i f -  

f e r e n t  ob jec ts  here. Kapoeta i s  a  howardite which has a l l  t he  c h a r a c t e r i s t i c s  of the  
lunar  r e g o l i t h .  On the  d the r  hand. ord icary  chondr i tes and carbonaceous chondr i tes 
have a  very 1  im i ted  reg01 i t h i c  h i s t o r y ,  and s9 are  n o t  as s i m i l a r  as Kapoeta t o  the  
Moon. I th ink  there  are  problems which are obscured by lumping a l l  these meteor i tes 
together. 

ANDERS: I am a f r a i d  you are e n t i r e l y  s istaken. Ordinary chondri tes and carbonaceous chon- 
d r i t e s  do have e s s e n t i a l l y  " a l l  the c h a r a c t e r i s t i c s  o f  the l una r  rego; i th " :  microcraters,  
so la r  f l a r e  t racks.  an i so t rop i ca l  l y  i r r a d i a t e d  grains,  steeo t rack  gradients,  s o l a r  wind 
gases, etc.--see the paper by Goswami e t  a l .  (1976) and e i g i i t  o ther  references c i t e d  i n  
my paper. They lack  the glassy agg lu t ina tes  one f i n d s  i n  l u r ~ a r  breccias and i n  Kapoeta, 
f o r  t he  simple reason t h a t  they don ' t  conta in  enough fe ldspar  t o  nahe glass-- look a t  any 
meteor i te  ~ o l  l e c t i o n  and you' 11 see t h a t  on ly  the fe ldspa r - r i ch  achondri tes (1  i ke 
Kapoeta) have shiny, g lassy fus ion  crus ts .  Ordinary and carbonaceous chondr i tes have 
d u l l ,  non-glassy crus ts ,  because t h e i r  p r i n c i p a l  minerals,  u l i v i n e  and pyroxene, do n o t  
r e a d i l y  form glasses. 
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CHAPMAN: Ccllld you def ine how the s o l a r  wind i s  being implanted i n  t h i s  t op  sur face l a y e r  
compareJ t o  the  meter depth of exposure t o  cosmic rays? What are the phys ica l  requ i re-  
ments chat you have fo r  g e t t i n g  implanted gas? I s  mix ing required? 

ANDERS: i o r  s o l a r  wind implantat ion,  the g r a i n  must be a t  the  very top, w i t h  e s s e n t i a l l y  

I 
1 : 

noth ing between i t  end the Sun. As shown by Poupeau e t  a t .  (1974) i n  t h e i r  study o f  
aubr i tes ,  m e t e o r i t i c  gra ins  spend much less  t ime a t  t he  surface than do l una r  grains,  
i.e. , 1-100 years versus l o 6  years. Thus they genera l ly  do n o t  develop the amorphous 
surface l a y e r  t h a t  i s  very leaky f o r  l i g h t  noble gases and prevents lunar  grd ins  from 
b u i l d i n g  up t h e i r  f u l l  complement o f  He and Ne r e l a t i v e  t o  Xe. To account f o r  these t 
shor t  ages, some mixing o r  b lanket ing process i s  required.  Poupeau e t  a t .  have shown 
f o r  aubr i  t es  t h a t  the  s o l a r  f l a r e  t rack  dens i t i es  imply a residence t ime o f  lo3-10" y r s  
i n  the top 10 um, compared t o  105-107 yrs  f o r  l una r  grains.  Most gra ins  do no t  , . 
evidence f o r  m u l t i p l e  exposure, and so the process i s  best  described as "b lanket ing"  
o r  "bur ia l , "  r a t h e r  than "mixing." 

ZELLNER: There are on the order  o f  one hundred S astero ids  w i t h  diameters l a r g e r  than 50 km. 
We have d e t a i l e d  spectra f o r  a l i t t l e  less  than h a l f  o f  them. So you cannot exclude 
t h a t  among the S as tero ids  which have no t  been s tud ied  by more d iagnost ic  techniques 
there  cou ld  be o rd ina ry  c h o n d r i t i c  bodies. And we don ' t  need a l o t  o f  tkem, co r rec t?  

ARNOLD: W e t h e r i l l ' s  argument i s  t h a t  there are  spec ia l  dynamic means t o  b r i ng  these th ings  
t o  the Earth. I f  t h a t  i s  t rue,  then i t  i s  not  the whole c o l l e c t i o n  t h a t  i s  c o n t r i b u t i n g  
it. some propor t iona l  way, bu t  th ree o r  f ou r  ob jec ts .  There i s  o the r  evidence concerning 
bunching o f  bonlbardr~lerli ages and th ings o f  t h a t  k ind  which strengthen those arguments 
very much, i t  seems t o  nle. And so i t  may very w e 9  be t h a t  oust  ord inary  chondr i tes are 
coming from a very l i m i t e d  number o f  parent bouies which al lows, as fa r  as I am con- 
cerned, Zel l n e r ' s  p o i n t  t o  std~lci. I t  may t u r n  out  t h a t  they are  undiscovered. 

ANDERS: I agree t h a t  the parent bodies o f  the ord inary  chondri tes may be j u s t  a small 
subgroup o f  the S as tero ids .  But i f  my arguments are va l i d ,  then the ma jo r i t y  o f  the  
o ther  S as tero ids  are c h o n d r i t i c  w i t h  no more than 20" metal. 

WETHERILL: With regard t o  the S astero ids .  I d o n ' t  see why they have t o  be a mesosideri t e  
o f  the same s o r t  we have i n  the labora tory .  They cou ld  very we l l  be d i f f e r e n t i a t e d  
ob jec ts  which have mixtures o f  i r o n  and b a s a l t i c  mater ia ls  on the surface, which on a 
d i f f e r e n t  scale would be a mesosiderite. b u t  they cou ld  be i n  our c o l l e c t i o n s  as basal-  
t i c  achondri tes and as i r o n  meteor i tes.  

ANDERS: I f  t h a t  i s  t ruc ,  then there  should be many basal t i c  c l a s t s  among the xeno l i ths ,  
and y e t  n o t  one has been found. According t o  Figure 7 o f  my paper, the  known meteor i te  
classes comprise some 10 space probes t h a t  t raverse a t  l e a s t  p a r t  o f  the  as te ro id  b e l t  
and c o l l e c t  a more o r  l ess  unbiased sample. Annng the f i r s t  27 such samples co l lec ted,  
we have found no howardi tes, qc eucr i  tes,  and no mesosider i tes.  I would argue t h a t  
anything we don ' t  see probably i s  rare,  though t h i s  conclusion i s  l i m i t e d  both by s ta -  
t i s t i c s  and by observat ional  selection. For example, o: iv ine xeno l i ths  would have been 
l a r g e l y  overlooked. 
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Since 1970 the physical  study o f  as tero ids  has been dramat- 
i c a l  l y  extended 3y wide a p p l i c a t i o n  o f  f ou r  types o f  observa- 
t ions :  spectrophotometry from 0.3 t o  1.1 vm; broad-band UBV 
photometry; v i s i b l e  photopolar imetry;  and broad-band therrrlal 
radiometry. More than a quz r te r  o f  t he  numbered as tero ids  
have been s tud ied w i t h  these techniques, and f o r  most o f  them 
the data a re  adequate t o  determine approximate s i z e  and a l -  
bedo and t o  provide a rough c l a s s i f i c a t i o n  r e l a t e d  t o  mineral-  
og i ca l  composition. The s p e c i f i c  CSM taxonomic system o f  
Chapman e t  a l .  (1975) and Bowel1 e t  a l .  (1978) i s  described 
and used t o  organize these new data. The CSM taxonomy i s  a l so  
compared w i t h  more composi t i o n a l  l y  s p e ~ i  f i c  taxonomies, and 
some f u t u r e  d i r e c t i o n s  fo r  both observat ion alld c l a s s i f i c a t i o n  
are ind ica ted.  

INTRODUCTION 

During the  r e l a t i v e l y  b r i e f  span o f  years from the Tucson Astero id  C o n f e r e r ~ ~ e  
(Gehrels, 1971) t o  the  present, there  has been exp los ive  growth i n  observat ional  data on 
as tero ids .  During the  f i r s t  ha l f  of  the  20th century and w e l l  i n t o  the 19601s, as te ro id  
science had been l i m i t e d  a!most e n t i r e l y  t o  searches f o r  new ob jec ts  and estau: :,hment o f  
photographic magnitudes and accurate o r b i t a l  elements fo r  t he  fewer than 2000  steroids 
t h a t  were nared and numbered. During the 19601s, the  f i r s t  major e f f o r t s  t o  accumulate 
more phys ica l  data (pho toe lec t r i c  magnitudes and l igh tcurves,  w i t h  some co:or imetr ic and 
p o l a r i m e t r i c  work) were undertaken, or ic ; r i l v  by G. P. K u ~ p e r  and T. Gehrels a t  the  Univer- 
s i t y  o f  Arizona. Only a few dozen o f  the b r i g h t e r  ob jec ts  were studied, however, and tbe 
i n t e r p r e t a t i o n  o f  the  observations was q u i t e  l i r i t e d .  The major watershed appears now t o  
have been i n  about 1970, when C. R. Chapmdn, 1. B. rlcCord, and t h e i r  co l labora tors  began a 
s y s t ~ ~ n a t i c  program t o  ob ta in  spectrophotometry of  a l a r g e  number of as tero ids  and, perhaps 
more Important, t o  i n t e r p r e t  t h e i r  observat io r~s  i n  terms of composition and mineralogy. 
Thus f o r  t he  f i r ? ?  t ime i t  became p ~ s s i b l e  e m p i r i c a l l y  t o  t e s t  speculat ions concerning the 
re la t i onsh ips  between d i s t a n t  as tero ids  and the meteor i te  samples under i n tens i ve  study i n  
t e r r e s t r i a l  labora tor ies .  

The f i r s t  i n t e r p r e t a t i o n  of astero:d spectrophotometry was presented by McCord, Adams, 
and Johnson (1970), who showed t h a t  the  e f l e c t i v i  t y  o f  Vesta was matched extremely w e l l  by 
t h a t  o f  t he  r a r e  bzsal  t i c  achondri tes, Shor t l y  thereaf ter ,  Chapman, McCord, and Johnson 
(1973) publ ished r e f l e c t i v i t y  curves f o r  23 as tero ids  and demonstrated the ex is tence of  a 
wide v a r i e t y  o f  n~ ine ra log i ca l  types, and about the sarne t ime empi r ica l  i n t e r p r e t a t i o n s  of 
these data based on comparisons w i t h  meteor i te  spectra were suggested by Chapman and 
Sa l isbury  (1973) and Johnson and Fanale (1973). 

A t  the  same tSme t h a t  spectrophctometry was emerging as a major d iagnost ic  t o o l ,  o ther  
new techniques f o r  phys ica l  observation. o f  as tero ids  a1 so were appl ied.  During the 1960's 
an empi r ica l  r e l a t i o n  between the shape o f  the polar izat ion-phase curve and the albedo of a 
p a r t i c u l a t e  (dusty)  surface was recognized, bu t  i t  was not  u n t i l  a ser ies  of papers published 
beginning i n  1971 t h a t  J. Veverka app l ied  t h i s  r e l a t i o n  t o  de r i ve  albedos and diameters o f  
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astero ids .  A t  the  same t ime 0. A l l e n  f i r s t  used measurements o f  thermal i n f r a r e d  r a d i a t i o n  
(which, u n l i k e  r e f l e c t e d  l i g h t ,  i s  g rea te r  f o r  a dark a s t e r o i d  than fo r  a l i g h t  one) t o  
d e r i v e  what he c a l l e d  an " i n f ra red  diameter" f o r  Vesta, and t h i s  work was soon extended t o  

I 1 

about a dozen as tero ids  by 2. Matson. A t  the t ime o f  the 19?1 Tucson confe,'ence these new 
methods f o r  determining s izes and albedos were s t i ? ;  suspect t o  many workers, b u t  w i t h i n  
another two years they had c l e a r l y  demonstrated t h e i r  value and were being w ide ly  app l ied .  
An impor tant  e a r l y  r e s u l t  was the  d iscovery  by tlatson (1371 ) t h a t  a t  l e a s t  one as te ro id - -  . 
324 Bamberga--had an albedo about a f a c t o r  o f  two lower than t h a t  f o r  any p rev ious l y  known 
ob jec t '  i n  the  s o l a r  system. Subsequent s tud ies  have shown t h a t  most as tero ids  are  i n  f ac t  
members o f  t h i s  )ow-albedo c lass .  i 

By 1974 the  th ree  techniques o f  spectrophotometry, po lar imet ry ,  and i n f ra red  -adiom- 
e t r y ,  as w e l l  as r e v i t a l i z e d  programs o f  UBV photometry, had been app l i ed  t o  abcut 100 
as tero ids .  A f i r s t  at tempt t o  u t i l i z e  these data c o l l e c t i v e l y  t o  charac ter ize  the  main 
b e l t  as te ro id  populat ion,  i nc lud ing  the d e f i n i t i o n  o f  broad c lass i f i ca t io r . ;  based on ?hys- 
i c a i  ra the r  than dynamic?! ;ropert ies, gas p u t l  isheci by Chaprin, #crri:cn, and 7el l n e r  
(1975). This paper has been w ide l y  quoted and can be taken t o  represent a s i g n i f i c a n t  
~enchmark i n  the r d p i d  recent  development o f  a s t e r o i d  science. I w i l l  use i t  as the p o i n t  
o f  departure f o r  the present paper, which i s  l i m i t e d  p r i m a r i l y  t o  resu l t ;  obtained s ince 
1974. 

As o f  the  date o f  chis treeting, phys ica l  observat ions have been made f o r  nea r l y  600 
a s t e r o i d s - - x r e  than a qua r te r  o f  the  named and numbered minor p lanets .  I w i l l  discuss 

I 
b r i e f l y  the nature  o f  these observat ions and w i  11 then descr ibe several  c l a s s i f i c a t i o n  f 
schemes t h a t  have been used t o  organize t h i s  suddcn weal th 01' data For the most pa r t ,  I 
w i l l  be sumnarizing the o r i g i n a l  work o f  Bender e t  aZ. (1978) and Sowell s t  a:. (1978). ! 
I am p a r t i c " 1 a r l y  indebted t o  Ted Bowell, Clark Chapman, and Ben Ze l l ne r ,  wno have keen 
responsible f o r  so much o f  the work discussed here. 

$ 

i 
- 1  [ 1 (1  THE OBSERVATIONS 

1 8  1 
1 Four k inds o f  phys ica l  observat ions have been h i d e l y  appl ied  t o  t s t e r o i d s  i n  the past  

, I; f ou r  years: UBV photonwtry; 0.3 t o  1.1 urn spectropnotometry; p h o t o s l e c t r i c  po lar imet ry ;  
I I and i n f r a r e d  radiometry. Each o f  these techniques has been app l i ed  t o  a t  l e a s t  ? O O  as te r -  
I 11 o ids.  There are, i n  add i t i on ,  several  o the r  very promising J~p roachc -  t h a t  have not  y e t  
! ,  bad such wide app l i ca t i on .  I n r ra red  (JHK) photometry has been obtdined fo r  about th ree 

dozen (Johnson e t  aZ. , 1975; Chapman and Morrisan, 19?6; Matson, Johnson and Veeder, 1977; 
Leake, Gradie and Morrison, 197P!; h i g h - r r j o l u t i o n  i n f r a r e d  spectra e x i s t  f o r  Vesta and 

I Eros (Larron and Fink, 1975; Larson r :  0 2 . .  1976; Larson, 1977); Ceres and Vesta have been 
i 
I .  

detected by t h e i r  thermal rad io  emission (U l i ch  and Conklin, 1976; Conkl in et a:. , 1977); 
and the  radar t . e f l e c t i v i t i e s  o f  Ceres, Eros. Toro, ~ n d  !carus have been measured (c.p. ,  
Campbell e t  a,?. , 1976; Jurgens and Goldstein,  1976). I n  t h i s  paper, however, I w i l l  l i m i t  

I 
d iscussion t o  the fou r  most w ide ly  app l i ed  techniques. 

. 8 I I 
The UBV p h r t m e t r y  has been c a r r i e d  out  p r i m a r i l y  a t  Lowell Observatory and a t  the 

Un ive rs i t y  o f  Arizona. The pr - inc ipa l  pub1 ished sources are:  Taylor  (1971 ) ,  Ze l l ne r  st  s?.. 1 1  j /  (1975, 1977b:. >nd "cgewij c t  a l .  (1978). Howe~or.  the  m a j o r i t y  o f  the data a re  unput l i shed 

: ! 1 observations ~.a,c between 1975 and 1977 by E. Bowel1 a t  b ow ell Observatory and re fe r red  t o  

1 :  I I by Ze l l ne r  and Jowel l  (1977) and Bowell e t  a l .  (1978). 

Spectropfiotometry w i t h  about two dozen f i  1 t e r s  between 0.3 afld 1.1 i ~ m  has been repor ted  
f o r  98 as tero ids  oy McCord and Chapman (1975a.b) and P ie te rs  e t  02 .  (1976j. Three param- 
e te rs  used tu   ate fdr c l a s s i f i c a t i o n  are R/B, the r a t i o  o f  spect ra l  re f lec tance a t  0.70 urn I 
t o  t h a t  a t  3.30 JIII; BEND, a measure o f  the c u r v a t l ~ r e  o t  t he  v i s i b l e  p a r t  o f  the re f lec tance I 

s p ~ c t r l r n ,  d.ld isLPTH, a measur.e o f  the s t reng th  o f  the o l iv ine-pyroxene absorp t ion  feature b near 0.95 UII;. 



The f i n a l  o b s e r v a t i o n a l  techn ique  i s  10 bnd 20 L I ~  rad iomet ry ,  c a r r i e d  c r , t  p r i l v a r i l y  by 
D. M o r r i s o n  and h i s  c o l l a b o r a t o r s  a t  t h e  U n i v e r s i t y  o+ Hahd i i  and a t  K i t t  Peak and bq 5. i 
I:Xsen a t  Cerro T o l o l o .  The i n d i v i a l ~ a l  o b s e r v a t i o n s  have been ' 31 i s h e d  by Cru ikshanh and 
M o r r i s o n  (1915;. :k?r;:nn (1974, 1977a). Fansen (1976). and flr r i s o n  and Chaprndn ,1976) ; 
a l l  a r e  sumla r i zed  i n  a  rev iew by Mcrrison (197711). I n  Morr is011 (1977b1, a l l  o f  t h e  obser-  
v a t i o n s  bave been reduced l s r l i f o rn : l y  w i t h  a  model based 0 5  t h a t  described by :3nes and ! 

N o r r i s o n  (1974). a1 tF13ugh e r 3 t i r e l y  e q u i v a l e n t  r e s u l t s  c o u l d  a l s o  be ob td i r~e l :  ..i t h  t h e  a l -  
t e r n a t i  ve model by  Hansen ( 1977). 
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i 
i 

I r) 4 .  r . . ' L  - [ . . - , I ! .  

i I .  

1 , -  
- I  i 

I .  

' \  

? i 
I 

: i  I 

I 
, L i n e a r  p o l a r i z a t i o n  o f  r e f l e c t e d  l i g h t  as a  f u n c t i o n  cf phase a n g l e  c u n s t i t u t e s  t h e  

I n  o r d e r  t o  use a l l  o f  these da ta  f o r  c i a s s i  f i c a t i n n  o r  any o t h e r  purpose, i t  has bzen 
necessary t o  b r i n g  them t o g f , t h e r  i n  a r e a d i l y  a c c e s s i b l e  fo rmat .  Thus, beg inn ing  i n  1975. 
a  number o f  observers  have j o i n e d  t o  c r e a t e  2 i ompt i t c r  f i l e  o f  these d ? t a  c a l  ~ P C  7Ql.',D 
(Tucson Revlsed Index o f  A s t e r o i d  Da ta ) ,  desc r ibed  oy Sender ,.: .::. (1078:. The types o f  
d a t a  i n c l u d e d  dnd t h e  i n d i v i d u a l s  r e s p o n s i b l e  f 3 r  t h e  f i l e s  a r e  l i v e n  i n  Table 1. S u b j e c t  
t o  c e r t a i n  l i m i t a t i o n s ,  c o n t e n t s  o f  t h e  TF\:AD r i l e  can be made a v a i l a b l e  i n  co11;p~ter p r i n t -  
o u t  o r  rcachine-readable ronn t o  o t h e r  researchers  w i t h  a  s e r i o u s  o r o f e s s i o n a l  i n t e r e s t .  

' I .  

I '  
I 
I 

I n q u i r i e s  shou ld  be d i r e c t e d  t o  Ban Z e l l ; ~ c r ,  who has prily1;ry r e s p o n s i b i l i t y  f o r  upkeep o f  
TRIAD. 

t h i r d  c l a s s  o f  datd.  The o b s e r v a t i o n s  a r e  a l l  f rom Z e l l n e r  et a 7 .  (1974) and Z e l l n e r  and 
Clradie (1976 and unpub l i shed) .  The parameter  Pmin, t h e  maximum dep th  o f  t h e  n e q a t i v e  
p o l a r i z a t i o n  branch,  ?as been measllred f o r  08 o b j e c t s  and i s  s e n s i t i v e  t o  g r a i n  o p a c i t y  
and hence r o u g h l y  t o  a laedo.  The p o l a r i m e t r y  a l s o  y i e l d s  geometr ic  albedo; pv  Inore d i r e c t -  
l y ,  from t h e  s l o p e  o f  t h c  ~ s c e n d i n g  p o l a r i z a t i o n  branch and a  r e c e n t l y  r e c a l i b r a t s d  s l n n e -  

Table 1. The TRIAD F i l e  

I 
a lbedo  law ( Z e l l n e r  e t  il.. 1977c.d). For  a l b e d r  g r e a t e r  t h a n  O . O i ,  t h e  o o l a r i s e t r i c  

. ,  I ; r e s u l  t s  a r e  i n  q u i t e  s a t i s f a c t o r y  agreement w i t h  d l  bedo\ and d i a n ~ e t e r s  f rom then.ia1 r a d i o n -  

1 1 :  

e t r y .  It i s  now recognized,  however, t h d t  p r e v i o u s l y  p u b l i s h e d  po la r i ! . te t r i ,  a; t -dos l e s s  
than  0.07 a r e  i r a c c u r a t e  due t o  s a t u r a t i o n  o f  t h e  sl \ ;??-albedo law, and fu r thermore  t h a t  : . ,  r e l i a b l e  v i s u a l  a lbedos p v  cannot  ,lways be i n f e r r e d  f rom p o l a r i n ~ e t r i c  d a t a  i n  b l ~ e  l i g h t .  

- , Wne13eas p o l a r i m e t r i c  a lbedos were l i s t e d  f o r  as many as 52 o b j e c t s  by Z e l l n e r  arid Grad ie  
I .  I 1 (1976). t h e  e l i m i n a t i o n  o f  t h e  low a lbedo  o b j e c t s  and thos, observed ~ n l y  i n  t h e  b l u e  r e -  

I * 

duces t h e  number o f  p o l  a r i m e t r i c  a1 bedos t o  24.  i 

~ 

Data Type 
-. - -. - - - - . - - - - - . . . - - .. . - . . . 

O r b i t a l  Elements 

Magni tudes 

R o t a t i o n a l  Elements 

i l H V  Colors 

Fho t c m e t r i  c  Spec*rd 

Spl?c:ral Parameters 

P o l a r i n l e t r i c  Paratpeters 

Red ios le t r i c  Diameters 

a  
As o f  end o f  1977. 
- -. - - - -- - - . - - - - - - - . - . - . - - . - - . - 
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C .  ChapmanIPSI 
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D. f l o r r i  son/:iASA Hy7 

-. . ~ . .  
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One o f  the f i r s t  pro jects  undertaken w i t h  the TRIAD f i l e  has been the d e f i n i t i o n  o f  a t 

simple empirical c lass i f i ca t ion  scheme (Bowel1 e t  aZ., 1978). I n  the fo l lowing sect ion I 
4 .  

w i l l  describe t h i s  taxonomy, and i n  the f i n a l  sect ion I w i l l  b r i e f l y  compare i t  w i t h  r a r e  
in te rp re t i ve  c lass i f i ca t ions ,  based p r imar i l y  on the spectrophotometric subset o f  these 
data, defined by Chapman (1976) and by Gaffey and McCord (1977, 1978). 

THE CSM TAXONOMY 

The c lear  separation o f  many o f  the la rger  asteroias i n t o  two albedo-color groups was 
recognized by a number o f  authors (e .g. ,  Zel lner, Gehrels, and Gradie, 1974; Morrison, 1974), . 1 . : . 
and i n  Ck-sman e t  at. (1975) t h i s  natura l  d i v i s i on  was the basis f o r  the d e f i n i t i o n  o f  
classes ca l led  C and S. The C objects are dark and neut ra l  i n  c r l o r  and appear t o  be min- 
era log ica l  l y  s im i l a r  t o  the carbonaceous chondri tes, whi le  the 5 objects appear t o  contain 
pyroxene and o l i v i n e  together w i t h  some me ta l l i c  i ron.  The terms C ( f o r  carbonaceous) and 
S ( f o r  z i l iceous)  were chosen w i t h  t h i s  compositional i den t i f i ca t i on  i n  mind, but  i t  
should be emphasized t ha t  these classes were defined pure ly  i n  terms o f  an empir ical  clump- 
ing  o f  observational parameters. Figure 1, which i s  a histogram o f  measured astero id  a l -  
bedos (Harrison, 1977b), c l e a r l y  demonstrates the r e a l i t y  of t h i s  d i s t i n c t i o n  between high- 
and low-albedo objects. I n  fairness i t  should be noted, however, t ha t  the d i v i s i on  i s  less 
obvious i n  some other observable parameters. 

Fig. 1. D i s t r i bu t i on  ,,I l i r e c t l y  deter- 
mined geometric v isca l  albedos f o r  187 
asteroids. I n  the CSM taxonomy, the 
low-albedo peak corresponds t o  tnc Z: 1685 1011 

. I asteroids, whi le  the broader high-a1 bedo 782 887 

peak 's dominated by the S asteroids. 471 679 

Note the strong bimodality; i n  sp'te o f  387 Y14 

a rea l  spread i n  albedo w i t h i n  each peak, 264 563 
I 

the two albedo populations are distin:t 
a 516 

and do not overlap (from Morrison, 197:b). , .. 497 

204 441 

1% 433 

455 131 35-1 

410 1172 115 270 

360 62% 103 191 

356 617 9 7  :29 

324 554 8 2  124 

247 51 1 8 0  123 i : ,  79 116 

i i !  
747 238 386 7 7  67 I 1 .  I 694 211 326 6 8  60 

i s  I 45 159308 63 39 
! 

444 146 144 :I78 030 43 3J 

415 137 139 804 558 42 27 

409 120 107 498 532 40  23 

381 94 1C5 140 397 29  20 I 
I 
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Chapman e t  a t .  (1975) used f i v e  observable quan t i t i es  i n  t h e i r  c l ass i f i ca t i on ,  and 
they were ab le  t o  i d e n t i f y  several we1 1-observed objects. such as Vesta, t ha t  d i d  not  fa1 1 
i n t o  the C o r  S groups. I n  s~bsequent papers two ac'di t i ona l  classes were deFined: M ob- 
j.?cts w i th  reddish colors, ibtetmediate albedos, and 1 i t t l e  ind ica t ion  of spectral  s t ruc-  
t u re  near 0.95 um (Zel l ne r  and Gradie, 1976); and E objects, w i t h  f l a t  spectra and very 
high albedos (Zel lner  e t  a,?:, 197%). 

The taxonomy o f  Bowel 1 e t  a l .  (1P78 j i s  a f u r t he r  development o f  the c l a s s i f i c a t i o n  
begun by Chapman e t  at. (i975). Seven, ra ther  than f ive,  observational parameters are used 
t o  d is t ingu ish  the classes. It i s  based on d i r e c t l y  observed op t i ca l  parameters and, con+ 
pared w i t h  o ther  c lass i f icat ions,  i t  i s  independent o f  i n te rp re ta t ions  o f  astero id  mineral- 
ogy. The system depenc$ upon the existence o f  d iscrete c l i rs tcrs  i n  parameter space, w i t h  
genuine gaps (o r  a t  l d s t  s i gn i f i can t  deplet ions) between the c lusters .  Only where such 
natural  d iv is ions exi,Gt are meaningful d i s t r ibu t ions  defined. Following previous usage, 
t h i s  system reta ins :he cla5s names C, S, M, and E, and i t  adds a new c!ass, R. I c a l l  
t h i s  the CSM T a x m n r y .  

For those astero;ds observed i n  suf f ic ie l? t  de ta i l ,  many d i f f e r e n t  surface types may be 
dist inguished and, ind?ed, each astero id  may u l  t imatcly be recognized as unique. I n  the 
CSM t?xonomic system, it should be dnderstood t ha t  each class contains a substant ial  spread 
of mineralogical  assem~laaes; f o r  instance, there i s  a va r ia t ion  o f  a fac to r  of three i n  
the albedos o f  C asteroids, and the S asteroids encompass a w'de range of pyroxene and o l i v -  
i ne  contents as ind icated by the depth and cent ro id  o f  the dbsorption band near 0.95 pm. 

I n  assigning boundaries between classes f o r  each parameter, E m e l l  ct c?.  adopted the 
philosophy o f  miuimizing the nunrber of misctaes i f i ,~r t ions.  Where there i s  serious doubt as 
t o  correct  c l ass i f i ca t i on  o f  an ind iv idua i  asteroid,  the CSM taxonomy car r ies  several pos- 
s i b i l i t i e s  r;ther than t r y i n g  t o  make a questionaale unique c l ass i f i ca t i on .  Note tha t  t h i s  
philcsophy i s  t o  be contrasted w i t h  one l i k e  that  o f  Zel lner and Bowel1 (1977). who attempted 
t o  assign the most l i k e l y  c lass t o  each asteroid. 

I n  addi t ion t o  classes C, S, M, E, and R, Bowel1 e t  a?. introduce a designation U for  
unclassi f iable.  The objects designated U a:.e those that  are not i n  the other f i v e  classes. 
I emphasize t.hat U dces not simply ind ica te  lack of i n fwmat ion  o r  noisy data, but re fe rs  
t o  objects tha t  are known to  be i n t r i n s i c a l l y  outside the domains o f  the other classes. 
It i s  o f  i n t e res t  t o  cote that,  o f  163 asteroids c ldss i f i ed  by Bowel1 e t  a l .  from both 
albedo-sensit ive and co lor -sens i t ive observations, only 16 (lo".) are c l ass i f i ed  U. 

The f i v e  classes are farmal ly defined by the range of parameters l i s t e d  i n  Table 2. 
As il lustr-7t ions t o  help motivate thesc de f in i t i ons ,  however. I now discuss several two- 
parameter p l o t s  taken from the TRIAD ' i l e .  

Figure 2 displays the geome+:-lc v isual albedo pv a; a Cunction o f  UV co lo r  index. 
I ; !  (Thiq alhedo i s  derived prima: i l y  from thermal radiometry, but  i n  a few cases also depends 
1 )  / on , ' r r i z a t i o n  data.) Ted p l o t  c l ea r l y  dist inguishes the major C, S, M, and E groups, and 

i t  a l ; ~  i l l u s t r a t e s  'k signi f icance o f  c lass R. the members o f  which have fiigh albedo and 

I are d i s t i n c t l y  red:rr i n  UV than the S objects. 
I 

1 Figure 3 i s  a s im i l a r  p l o t  i n  which the po ia r i za t ion  parameter Pmin i s  s u b s t i t u t ~ f '  for 
geometric albedo. It i s  apparent t ha t  Pmin dist inguishes the S and C classes even more 
strongly than albedo, w i t h  on ly  a small group o f  M asteroids haviha intermediate values of 
Pminnear l .O .  

I !  
The easiest observational technique to  apply irl a survey o f  physical  propert ies i s  UBV 

photometry, which y i e l ds  co lors  i n  the near u l t r a v i o l e t  t o  v i s i b l e  range. I t  i s  thus impor- 
tant. to  determine t o  wnat extent simple co lo r  data o f  t h i s  sor t .  b i t hou t  any alhedo-sensi- 
t i v e  parameters, can serve to c l ass i f y  esteroids i n  t ke  CSM system. Figure 4 i l l u s t r a t e s  
I:BV colors f o r  465 obiects. Those f o r  which albedo i s  known independently are denoted by 
special symbols (e.g., f i l l e d  c i r c l e s  f o r  C, open c i r c l es  f o r  S), whi le  the others are 
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Table 2. Def in i t ion  o f  classesa 

Parameter C S M E R 

Albedo, pv - ~0.065 0.065 - 0.23 0.065 - 0.23 - >r).23 - >O. 16 

'min 1.20 - 2.15 0.58 - 0.96 0.86 - 1.35 - ~0 .40  - ~0.70 

R/B 1.00-1.40 1.34 -2.07 1.06 -1.34 0.9 - 1 . 7 0 ~  21.70 
BEND 0.05 - 0.26 0.05 - 0.25 - ~0.11 - ~ 0 . 1  5b - >0.25 

DEPTH 0.95 - 1.00 0.80 - 1.00 0.90 - 1.00 0.90 - 1 . 0 0 ~  10.90 

B-V - >O -64' d 0.67 - 0.77 0.60 - 0.79 e 

U- B f 0.23 - 0.46' - >0. 34d 0.17 - 0.28 0.22 - 0.28 e 

a. From Bowel1 s t  a t .  (1978). 

b. No examples have been measured. 

c. Addit ional ly 4.60 (B-V) - 3.17 5 (U-B) - (B-V) - 0.27. Type U allowed 0!02 ins ide 
1i11.its when only UBV photometry i s  available. 

d. Addit ional ly B-V 2 (U-B)/7.0 + 0.74; 1.70 (B-V) - 1 12 5 (U-B) 5 (B-V) - 0.33; 
(U-V) c 1.47. Type U allowed OF02 inside l im i ts ,  except f o r  the :ast, when only 
UBV phGtometry i s  available. 

I 
e. (U-V) 2 1.47. 1 ,  
f. Type U always allowed f o r  U-B 5 0.28, when only UBV photometry i s  available. ! * .  . 

Fig. 2. Geometric albedo (p,) I I I I I I I I I 

versus U-V color  index for 144 pv: : .44 i 
I - 
I 
I 

asteroids wi th semimajor axis less I E I I I - 
than 3.6 AU. Domains indicate I . I 

a30 - . I I R - 
allowable parameters on the CSM I i '$9 - I I 

c lass i f i ca t ion  system f o r  aster- 0.20 I I I 31 - I . :  ets  ' 
oids o f  types C, S, M, E and R; 

- * - I * ; I  * I  - 
objects outs'de these domains are - I . 1 . ..** .\.; - M o o  I I .r0.." 
unclassifiabl:, oesignated U. The : 334 - - I - 

I ' 0 .  i i *h.'r'?* albedo boundaries (so l id  l ines)  are - . 
I o m  0 . 5 0  I - 

those given i n  fable 2, but the , - ~j ' I 
' I 1  - 

I I * . I  l i m i t s  i . U-V (do t t td  l i n e r )  are , I 

more complex, as shown i n  Figure 5. a06 - I 
I * * .  ! 

Unusual objects 2 Pa:las, 4 Vesta, 1 . *  . • O* 

I .  44 Nysa, 349 Dembowska, 354 Eleonora, a04 - a: 8 ,  i 
785 Zwetana, and 863 Benkoela are ; *  .;:.4. : .%'. 0.-+ 

. I 
indicated by number (from Bowel 1 ! 1 -0. . I 

e t  at., 1978). I I 

am - I . C a 
I 

I 
I I 
I I 
I . I 
I I 



..-.L.~+ -e& "' 

I 

I 

I 
I . .  

05  - 

Fig. 3. Depth Pmin o f  the negative po la r i za t ion  
branch versus U-V co l o r  index f o r  93 asteroids w i t h  
semimajor ax is  less than 3.6 AU. Class boundaries 
are as ind icated f o r  Figure 2. Unusual objects 
ind icated by number are 4 Vesta and 92 Undina 
(from Bowel1 zt aZ., 1978). 

4- 0  I.. Q 
mo omm . . . . a.m. 9 . a o o d . .  . 

m o m  -10 
c .... 0  ..... 

r . ..Pb.m. m 
I ... . . d . . I . o . .  . ..I.. * . . a m .  . B. r e  .. 0 0  om.  

Fig. 4. B-V and U-B colors for  465 
asteroids w i t h  semimajor ax is  less than 
3.6 AU. Symbols ind ica te  measured a l -  
bedos, where avai lable,  as independent 
ind icat ions o f  type: a f o r  p < 0.065; 
o f o r  0.065 < p 0.23; 0 f o r  p > 0.23. 
Where ni, a1 bedo i s  known the colors are 

asteroids 2 Pallas, 4 ~ e s t a ,  349 Dembow- 

.I . . a  8- 0  0  
*.om.. . - 0 .  . 

L . .,I,d .. 1 ind icated by x. Two asteroids, 863 
. m . r a . l d  .. m 
..cam . . . Benkoela and 1685 Innes, have co lors  t h a t  . . aaaIm, are o f f  the scale o f  t h i s  graph. Unusual .-. am 

& . *I .  $'=.mu ska, and 785 ~wetana are ind icated by 
:a:83?: .o: .o . lo ..a&.* number (from Bowel 1 et aZ., 1978). - . . .. 0  d.. 

II . m a d o  . * .  . .  . . . m  



ind icated by x. The domain of the  S objects i s  c l ea r  on t h i s  p lo t ,  but  without albedo i t  
i s  d i f f i c u l t  t o  d is t ingu ish  the dark, neutral-colored Cs from the l i g h t e r ,  bu t  s t i l l  neu- 
t ra l -co lored Ms and Es. Figure 5 shows the actual  boundaries o f  the c:asses i n  the UBV 
plane as adopted by Bowel 1 e t  aZ. 

Fig. 5. S imi lar  t o  Figure 4, but showing I I I I I I I I 

~dop ted  domains o f  types C, S, M, E and R 
i n  UBV colors i r .  the CSM taxonomy. U-B 

' 

Nurerica: coe f f i c ien ts  representing the 
type boundaries are given i n  Table 2.  - 
Neutral co lors  p l o t  i n  the lower l e f t  
(e .g . ,  785 Zwetana), red colors i n  the 
upper r i g h t  (e.9. , 349 Dembowska) . Note 

a5 - 
tha t  UBV colors c l e a r l y  separate R from 
S from C asteroids, but  become degenerate 
for  neut ra l  co lors  where the C, M, and E 
domains overlap (from Bowel1 e t  at., 1979). 0.4 ' 

0.2 - ; M i  
.p L --------- 1 - 

I I I I I I I I 

a6 a7 as a9 B-v 

Four examples show how the taxonomic d e f i n i t i o n  i l l u s t r a t e d  i n  Figures 2-5 and l i s t e d  
i n  Table 2 can be used t o  c l ass i f y  asteroids. We begin w i t h  a t yp ica l ,  thoroughly observed 
C asteroid.  19 Fortuna; the observational parameters are given i n  Table 3. The UBV colors 
f a l l  w i th  . n  the C domain o f  Figure 5, and the a1 bedo of 0.030 and the Pmi" o f  1 . i 2  also 
c l ea r l y  p;ace Fortuna i n  the low-albedo C class. Of the spec t ropho to~e t r i c  parameters, 
BEND allows e i t he r  C o r  S, RIB allows C, M, o r  E, 3nd the sbseilce o f  the pyroxene absorp- 
t i o n  band (DEPTH = 1.00) serves only t o  exclude membership i n  class R. Thus the c l a s s i f i -  
cat ion would be ambiguous i f  only the spectrophotometri c parameters were avai lab1 e, but  i s  
c:ear ly t i e d  dc in  by both UaV co lors  and the a1 bedo-sensi t i v e  observations. 

As an example o f  an S object,  Table 3 also l i s t s  the parameters fo r  5 4straea. This 
c l a s s i f i c a t i o n  could be made uqambiguousiy from UBV colors alone o r  from RIB alone. The 
other parameters are consistent w i t h  the S c lass i f i ca t ion ,  but none considered alone i s  
suf f ic ient ;  the albedo allows types S o r  M, Pmin and DEPTH al low S o r  R, and BEND any type 
except R. For the 5 asteroids, UBV colors are pa rL ' cu l a r l y  diagnost ic.  

i ' Asteroid 44 Nysa i n  Table 3 i5 a prototype E object.  The high a1 bedo and small Pmin 
suggest E bu t  by :hanselver are a lso consistent w i t h  the 1 i m i  t s  f o r  c lass R. The UBV colors ' : i I 
f a l l  w i t h i n  the ambiguous domain a1 lowing C, M, E, o r  U but not  S o r  R. Thus both co lor  and : j \ 

albedo data are reqdired t o  place an ob ject  uniquely i n  c lass E, and the only proven E ob- \ 
' 

; I  j ec ts  are 44 Nysa, 64 Angel ina.  and 434 Hungaria. None o f  these, unfortunately,  has as y e t  ! * 
been observed spectropho tometr i c a l  1 y.  

I ' 
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Table 3. Four Examples o f  C lass i f i ca t ion  

Asteroid Type B-V U-B BEND R/B DEPTH pv Pmi n TY pe 

19 Fortuna C 0.75 0.38 0.21 1.09 1-00 0.03 1.72 J 
S 0.21 1 .oo 
M 1.09 1.00 
E 1.09 1.00 
R 

5 Astraea C 0.10 
S 0.83 0.38 0.10 1.63 0.84 0.144 0.70 J 
M 0.10 0.144 
E 0.10 
R 0.84 0.70 

t 

44 Nysa C 0.71 0.26 
1 . . S 

M 0.71 0.26 
.. E 3.71 0.26 0.467 0.31 J 
t . . R 0.467 0.31 

.. 
4 Vesta C 0.14 1.33 

4 S 0.14 0.226 l I M 1.33 0.226 
E 0.14 1.33 

L. . R 0.74 0.226 0.55 
(U) 0.78 0.48 J I ' 

1 i j :  j 

Perhaps the most prominent example o f  an unc lass i f iab le  astero id  i s  4 Vesta. I n  
Table 3 the r e l a t i v e l y  h igh albedo allows classes R o r  ( j u s t  bare ly)  S o r  M, but  the very 
unusual Pmin o f  0.55 excludes types S and M. The spectrophotometric parameters BEND and 
R/B exclude type R ,  however, and the UBV colors f a l l  outside the domains of any o f  the 
recognized classes. Thus Vesta can only be c l ass i f i ed  U. 

Table 4 l i s t s  the adopted c lass i f i ca t ions  f o r  344 asteroids from the TRIAD data f i l e .  
Also given are diameters obtained e i t h e r  from d i r e c t  obs2rvation o r  ca1cu;atod or! t:!e 
assumption t ha t  the ob ject  has the albedo o f  an average member o f  i t s  c lass (see footnote 
t o  Table 4). The asteroids l i s t e d  i n  Table 4 are those used by Zel lner  and Bowell (1977) 
and by Zel lner  (1978) t o  study the d i s t r i b u t i o n  o f  types, but  the actual  data are updated 
t o  include the TRIAD values as o f  ea r l y  1978. I n  the expanded c l a s s i f i c a t i o n  o f  523 aster-  
oids by Bowel1 e t  a l .  (1978), there are 189 C objects. 142 S objects, 12 o f  type M, 3 of 
type ', and 3 o f  type R. The c l ass i f i ca t i on  U i s  obtained f o r  55 objects, whi le  119 (25%) 
receive uncertain o r  ambf guous c lass i  f i c a t f  ons. Most o f  these ambiguit ies presumably could 
be cleared up i f  addi t ional  observational techniques were applied. However, there i s  no 
guarantee t ha t  smaller and f a i n t e r  objects w i l l  have the same d i s t r i b u t i o n  as those already 
studied, most o f  which have diameters greater than 50 km. 

I n  the above s t a t i s t i c s  the L objects are much underrepresented, o f  course, because of 
t h e i r  low albedos and general ly la rger  distances. I n  the fo l lowing paper, Ze l lner  discusses 
correct ions f o r  these se lect ion ef fects .  The E and R types, however, must be genuinely 
qu i t e  rare. Ze l lner  and Bowel 1 (1977) have noted tha t  i n  the whole main be1 t there appear 
t o  be only two E objects w i t h  diameters greater than 50 km, and i t  now appears t ha t  R ob- 
j e c t s  must be s i m i l a r l y  un!~sual. I n  a bias-corrected sample, ne i the r  o f  these classes would 
cons t i tu te  as much as 1% o f  the astero id  population. 



T ~ b l e  4. Asteroid c lass i f i ca t iona  and Diarnsters b 
- - 

Asteroid 
- - 

B(1 ,C) D (km) Type Asteroid B( 1 ,O) D (kn,) Type 

1 Ceres 
2 Pal las 
3 Juno 
4 Vesta 
5 Astraea 
6 Hebe 
7 I r i s  
8 Flora 
9 Metis 

10 Hygeia 
11 Parthenope 
12 V ic to r ia  
13 Egeria 
14 Irene 
: 5 Eunomi a 
16 Psyche 
17 Thet is 
18 Me1 pomonene 
19 Fortuna 
20 Massal i a  
21 Lu te t ia  
22 Kal l iope 
23 Thal ia 
24 Themis 
25 Phocaea 
26 Proserpina 
27 Euterpe 
28 Be1 lona 
29 Amphi tri t e  
30 Urania 
31 Euphrosyne 
32 Pomoma 
34 C i  rce 
36 Atalante 
37 Fides 
39 Laet i  t i a  
40 Hanonia 
41 Daphne 
42 I s i s  
43 Ariadne 
44 Nysa 
45 Eugenia 
a6 Hestia 
47 Aglaja 
48 Doris 
49 Pales 
51 Nemausa 
52 Elrropa 
53 Kalypso 
54 Alexandra 
55 Pandora 
56 Me:?te 
51  Mnemosyne 
58 Concordia 

C 
CMEU 

C 

60 Echo 9.98 
61 Danae 8.90 
62 Erato 9.85 
63 Ausonia 8.96 
64 Angel i na 8.84 
65 Cybele 7.99 
66 Maja 10.51 
67 Asia 9.66 
68 Leto 8.22 
69 Hesperia 8.17 
7C Panopaea 8.93 
71 Niobe 8.28 
72 Feronia 10.15 
76 Freia 9.11 
77 Frigga 9.70 
?S Diana 9.17 
79 Eurynome 9.25 
80 Sappho 9.22 
81 Terpsichore 9.64 
82 A1 kmene 9.52 
83 Beatr ix  9.76 
84 K l i o  10. 34 
85 10 8.92 
86 Semele 9.71 
87 Sy lv ia  8.12 
88 Thisbe 8.07 
89 J u l i d  8.15 
90 Antiope 9.41 
91 Aegina 10.00 
92 Undina 7.95 
93 Minerva 8.71 
94 Aurora 8.71 
95 Arethusa 8.83 
97 Klotho 8.75 

100 Hekate 9.08 
102 Miriam 10.28 
103 Hera 8.84 
104 Klymene 9.44 
105 Artemi s 9.42 
106 Dione 8.80 
107 Camilla 8.28 
108 Hecuba 9.69 
109 Fe l i c i t a s  10.13 
110 Lydia 8.75 
111 Ate 9.11 
113 Arnalthea 9.86 
1 14 Kassandra 9.46 
115 Thyra 8.84 
116 Sirona 8.89 
117 Lornia 9.18 
119 A1 thaea 9.82 
120 Lachesi s 8.78 
122 Gerda 9.16 
123 Brunhi l d  10.13 

50 S 
87* S 

103* C 
89 S 
56 E 

308 C 
?6* C 
61 * S 

124 S 
134? U 
154 C 
114* S 
92* C 

143? CMEU 
6 l X  M 

139* C 
7 5 S 
86 U 

112* C 
64 S 

106* C 
81 C 

146 U 
107* C 
224? CMEU 
206 C 
168 S 
124* C 
105 C 

190 C 
165* C 
94 M 
79* SU 
83* C 
89* S 

121* C 
124* C 
169* C 
209* C 
60* S 
74 C 

169* C 
143* C 

4 7 S 
121 * C 
93 S 
80 SR 

138? CMEU 
57* c 

174 C 
139* CU 
49* s 



Table 4 (continued) 

Asteroid B(1,O) D (km) Type Asteroid 

124 A1 keste 
125 L i  bera tri x 
126 Velleda 
129 Antigone 
130 Elekt ra  
131 Vala 
133 Cyrene 
135 Hertha 
137 Meliboea 
1 39 Juewa 
140 Siwa 
141 Lumen 
144 V i b i l i a  
145 Adeona 
146 Lucina 
148 Ga l l i a  
149 Medusa 
150 Nuwa 
151 Abundantia 
152 Atala 
153 Hi lda 
156 Xanthippe 
15: Aemilia 
162 Laurentia 
163 Erigone 
164 Eva 
166 Ri~odope 
170 Maria 
172 Baucis 
173 Ino 
176 I d u n ~  
177 Irma 
178 Belisana 
1 79 Kl y taemnes t 
151 Eucharis 
182 Elsa 
183 I s t r i a  
185 Euni ke 
186 Celuta 
189 Phthia 
192 N ~ u s i  kaa 
194 Prokne 
195 Eurykleia 
196 Philomela 
200 Dynamene 
203 Pompeja 
204 K a l l i s t o  
206 He rs i l i a  
208 Lacr i  iosa 
209 Dido 
210 Isabel la  
211 Isolda 
213 L i laea 
214 Aschera 

67 S 
64? U 
40* S 

114 M 
121? U 
35 SM 
78" S 
78 b1 

142* C 
139* C 
102 C 
115" C 
132 C 
i75* C 
131* C 
106" S 
24? 11 

129? CMLU 
41" S 
63* S 
99? U 

103* C 
133 P ., 
97* C 
65" C 

101* C 
38? U 
41? U 
6 7 S 

162* C 
72? U 
67* C 
38* S 
71 * S 
79* S 
47* S 
33* S 

168* C 
4 5 U 
41 S 
93 s 

193 C 
92* C 

166 S 
121? CME 
91* C 
50" S 

101* C 
42 S 

121? CMEU 
77* C 

167 C 
46? EU 
43? MU 

216 Kleopatra 
219 Thusnelda 
221 Eos 
224 Oceana 
230 Athamanti s 
236 Honoria 
238 Hypatia 
241 Germania 
247 Eukrate 
250 Bett ina 
258 Tyche 
264 Libussa 
268 Adorea 
270 Anahi t a  
275 Sapientia 
276 Adelheid 
281 Lucret ia  
284 Amalia 
293 B ras i l i a  
295 Theresia 
306 Uni tas 
308 Polyxo 
31 3 Chaldaea 
324 Bamberga 
326 Tamara 
335 Roberta 
336 Lacadiera 
337 Devosa 
338 Budr~sa 
342 Endymion 
344 Desiderata 
345 Tercidina 
349 Dembows ka 
350 Ornamenta 
351 Yrsa 
354 Eleonora 
356 L igur ia  
357 Ninina 
360 Carlova 
362 Havnia 
363 Padua 
364 Isara 
365 Corduba 
367 Ami f i  ti a 
370 Modestia 
377 Campania 
381 Myrrha 
384 Burdigala 
386 Siegena 
38? Agui tan id  
388 Charybdis 
389 Indgs t r ia  
393 Lampetia 
395 Del ia 

B(1,O) D (km) Type 

8.21 218? CMEU 
10.68 38* SM 
8.94 97? U 
9.79 59* M 
8.65 114 S 
9.51 65* S 
9.23 153 C 
8.61 179* C 
9.31 14' C 
8.49 192? CMELI 
9.54 65* S 
9.67 63 S 

106* C 9.76 
10.03 50 S 
10.04 94" C 
9.74 106? CMEU 

13.11 15? U 
11.28 52* C 
11.07 58* C 
11.41 27* S 
10.02 d2* m 

3 

9.28 1 36 U 
10.10 92* C 
8.07 251 C 

10.32 81 * C 
9.93 48? E l i  

10.96 33? MEU 
9.90 99? CS 
9.78 58* M 

11.29 52* C 
9.09 145* C 

10.15 89* C 
7.2. 144 R 
9.45 122* C 

j0.30 45* S 
7.48 169 U 
9.27 149 C 
3.82 104" C 
9.42 129 C 

10.13 89* C 
10.05 94* C 
11.08 31? SMR 
10.32 99 C 
12.10 19* S 
11.72 43* C 
10.04 95? CMEU 
9.68 126 C 

10.81 36* S 
8.60 174 C 

112 S 8.4'. 
9.52 119? CMEU 
9.40 69* S 
9.32 121 C 

11.49 48* C 

9 1 
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Table 4 (continued) 
- I 

Astero id  B(1,O) D (km) Type Astero id  B(1,O) D (km) ;ype . , 

397 Vienna 
402 Chloe 
404 Arsinoe 
409 Aspasla 
410 Ch lo r i s  
415 P a l a t i a  
416 Vaticana 
426 Hippo 
432 Pyth ia  
433 Eros 
434 Hungaria 
435 E l l a  
441 Ba th i l de  
444 Gypt is 
446 Aeterni  t a s  
451 P a t i e n t i a  
454 Mathesis 
455 Bruc hsa 1 i a 
462 Er iphy la  
471 Papayena 
472 Roma 
476 Hedwig 
478 Tergeste 
481 Emita 
497 I va  
498 Tokio 
505 Cava 
508 Pr inceton ia  
509 Io landa 
510 Mabella 
511 Davida 
516 Amherstia 
524 F i d e l i o  
532 Hercul ina  
537 Pauly 
540 Rosamunde 
545 Messalina 
550 Senta 
554 Peraga 
558 Carmen 
563 Suleika 
569 Misa 
584 Semi rdmi s 
588 A c h i l l e s  
591 Irmgard 
596 Schei la 
602 Marianna 
617 Patroclus 
618 E l f r i ede  
623 Chimaera 
624 Hektor 
631 Phi 1 i p p i  na 
654 Zel inda 
658 As te r ia  

50 S 
46* S 
94* C 

207* C 
124* C 

74* C 
76* S 

103* C 
45* 5 
15 S 
10 E 
51? CMEU 
6 1 M 

142* C 
47* R 

326 C 
83* C 

101" C 
40? U 

148 S 
44" S 

103" C 
75* S 

101* C 
38" M 
72 C 
50? ME 

125* C 
60* S 
61? CMEU 

34 1 C 
63 M 
6Q* C 

230 S 
97* C 
18* S 

107" C 
41* S 

103* C 
6 5 SM 
53* S 
53* C 
54 S 
61? MEU 
23? MU 

133 U 
137 C 
88? U 

126* C 
34* C 

110? U 
49* S 
72? U 
23* SU 

660 Crescentia 
674 Rachele 
679 Pay 
680 Gen~veva 
694 Ekard 
702 Alauda 
704 Interamnia 
705 Erminia 
714 U l u l a  

Ka rghanna 
737 Arequipa 
739 Mandevi l le 
744 Aguntina 
747 Winchester 
755 Q u i n t i l l a  
776 Gerber ic ia 
778 Theobal da 
782 Montef iore 
785 Zwetana 
790 P r e t o r i a  
796 S a r i t a  
804 Hispania 
825 Tanina 
830 Petropol  i t a  
853 Nansenia 
863 Benkoela 
887 A1 i nda 
888 Parysat is  
91 1 Agamemnon 
924 Toni 
932 Hooveria 
946 Poesia 
963 Iduberga 
969 Leocadia 
976 Benjami na 
977 Phi l i p p a  

1001 Gaussia 
101 1 Laodawia 
1036 Ganymed 
1043 Beat? 
1048 Feodos i a 
1052 Belgica 
1058 Grubba 
1140 Crimea 
1143 Odysseus 
11 71 Rus thawel i a  
1172 Aneas 
11 73 A-chi ses 
1178 Irmela 
1212 Francette 
1263 Varsavia 
1266 Tone 
1268 L ibya 
1314 Paula 

39* SM 
97* S 
42 S 
69? CMEU 
90* C 

205';r C 
3 38 C 
117? CMEU 
46* S 
67* C 
54* S 
63? U 
32? U 

205 C 
37? MEU 

173* C 
36? EU 
15* SM 
45 U 

177 C 
38* C 

162* C 
13* S 
41 * S 
28* C 
49* R 

5.2 U 
36" S 
94? U 
77* C 
55* C 
46* C 

9.2" S 
9.1? EU 

75? CPIEU 
66* C 
38? MEll 

7.2 S 
39* S 
34* S 
70* C 
1 I* S 
13? SR 
25* S 
62? EU 
64? CMEU 

128" C 
87* C 
23* C 

238? CMEU 
42" C 
77* C 
92? CMEU 

8* S 



Table 4 (continued) 
-- 

B(1,O) 0 (km) Type Asteroid B(1,O) (1 (km) Type - 

1583 Anti lochus 9.76 
1620 Geographos 16.67 
1681 1948WE 

1?07 1932RL 

1376AA 18.40 0.9 U 

Class i f icat ions are from Bowell e t  a t .  (1978) and to l low the de f i n i t i ons  i n  Table 2. 
Mu1 t i p l e  classes ind ica te  ambiguity. 

'~ iameters  fol lowed by * are computed for  the mean albedo o f  the class, ratt-.,nr than 
determined d i r ec t l y .  Diameters followed by ? correspond to  an adopted albedo o f  0.1 and 
could be i n  e r r o r  by as much as a i a c t o r  of three. For a sumnary o f  d i r e c t l y  measured 
diameters, see Morrison (1977b). 

It i s  o f  i n t e res t  t o  note tha t  the largest  asteroids dc noC f i t  i n t o  the CSM taxonomy. 
Vesta, as discussed above, i s  unique i n  a number o f  parameters. Pallas i s  C-1 i ke  i n  some 
respects asd M-l ike i n  others, but c l ea r l y  u n c l a s i f i a b l e .  Ceres i s  loosely describable ds 
a C type, out has a ra t9er  high albedo (0.054) and an unusual spectrum w i t h  uncommonly red- 
d ish U-e and uncolmnonly neut ra l  R/B colors.  Thus Ceres i s  now formal l y  designated as a U 
object, and should not  i n  any case ba thought o f  as a prototype for the C class. Among the 
s i x  largest  asteroids (Morrison, 1977b), Ceres, Pallas, and Vesta are unclassi f iable,  
Euphrosyne has been observed only i n  Pmin, w i t h  Pa l las - l i ke  resul ts,  704 Interamnia i s  a 
pecul iar  C object, and only Hygiea i s  a normal C. Thus the t rue C-dominated astero id  popu- 
l a t i o n  only begins a t  diameters o f  300 km and smaller. F!ote, too, t ha t  wel l  over ha l f  the 
mass i n  the astero jd  b e l t  i s  accounted f o r  by these unusual asteroids which do not f i t  the 
CSM c l a s s i f i c a t i o n  system. 

COMPARISON OF THE CSM TAXONOMY WITH OTHER SYSTEMS 

d some very d i f f e r e n t  mineralogical 
I n  t h i s  f i na l  sect ion of my paper, 
two other taxonomies, fol lowing the 

I n  the f i r s t  a1 ternate taxonomy, Chapman (1976) used the avai ;able spectroohotometry 
f o r  98 asteroids t o  estab l ish 13 groups, each c: which he in terpreted t o  have s im i la r  sur- 
face composition and mineralogy. For instance, one group i s  in terpreted as being due chief-  
l y  t o  the signatures o f  n i cke l - i ron  plus 01 i v i ne  whi le  another i s  suggestive of a C2 (CM) 
carbonaceous chondri t i c  composition. 

-. . -- - -- ., --.-. .--. -. . 1 - 7 ' - ' - I  -- 
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Even more recent ly,  Gaffey and McCord (1977, 1978) have developed a separate c lass i -  
f i c a t i o n  f o r  62 o f  the spectra, emphasizing in terpretat ions of mineralogical assemblages. 
This scheme i s  described i n  more d e t a i l  i n  t h i s  volume by McCord (1978). Fi f teen groups 
were defined, mostly cons is t ing o f  subdi v js ions of several broader groups symbolized by R 
( f o r  reddish spectra, both w i t h  and without prominent 1.0 um absorption features), T ( f o r  
t rans i t i on ] ,  and F ( f o r  f l a t ) .  

I n  general the Chapman and Gaffey-McCord c lass i f i ca t ions  group asteroids i n  a consis- 
t en t  manner. However, i n  a few cases there are reaS differences ds discussed by Bowel1 
st a t .  (1978) and Gaffey and McCord (1978). 

A cont inuing controversy i n  a l l  three taxonomic systems concerns the s ign i f icance o f  
the class ca l l ed  M i n  the CSM c l a s s i f i c a t i o ~ .  The name f o r  t h i s  c lass suggests i t s  i n t e r -  
pretat ions a, me ta l l i c  (Ze l lner  and Gradie, 1976); t ha t  is ,  the character 'st ic spectral  
signature of these asteroids i s  suggestive o f  n icke l - i ron.  However, i t  i s  agreed by both 
Bowel1 st a t .  (1978) and Gaffey and McCord (1978) t ha t  these objects could be e i t he r  nearly 
pure metal o r  f i ne l y  d i v i  od metal i n  a neut ra l  s i l i c a t e  matr ix (e.g., l i k e  the ens ta t i t e  
chondri tes). Thete i s  c l ea r l y  a great geochemical difference between these two in te rp re ta -  
t ions, and present observations do not seem capable of d is t inguish ing between them. A 
complicating factor i s  t ha t  Gaffey and McCord i n t e rp re t  another group o f  asteroids ( t h e i r  
clas; RF) as a lso o f  i r o n  o r  enstat ic -chondr i t ic  composition, whi le  Chapman in te rp re ts  the 
spectra as ind ica t ing  a broad, weak absorption feature due t o  e i t h e r  o l i v i n e  o r  o l i v i ne -  
plus-pyt'oxene. i f  Gaffey and dMcCord are r i gh t ,  then asteroids o f  n i c ke l - i  ron o r  ens ta t i  t e  
cnondri t e  composition are d i s t r i bu ted  among both the M and S types of the CSM system, i n  
s p i t e  of a wide gap i n  UBV colors between these classes. 

I n  sp i t e  of f t s  low leve l  o f  d i r e c t  i n t e r p r e t a b i l i t y  i n  terms o f  mineralogy, the CSM 
taxonony does have some s i gn i f i can t  advantages. F i r s t ,  i t  can t e  appl ied widely, since i t  
depends tjpon only a few observational parameters. Second, i t  involves a1 bedo information 
d i r ec t l y ,  and thus i t  permits inves t iga t ion  o f  differences i n  the s i ze  d i s t r i bu t i ons  and 
o r t i  t a l  d i s t r i bu t i ons  for  the separate classes. Through i t s  s t r i c t  accounting of albedos, 
the CSM taxonomy permits a reasonable correct ion fo r  bias t o  be appl ied t o  the avai lab le  
s t a t i s t i c s ,  such as accomplished by Chapman e t  al .  (1975), Morrison (1977b), Ze l lner  and 
ilowell (137'), and Zel lner  (1978). Third, the CSM system requires no rev is ion  when mineral- 
ogical  i de rx i f i ca t ions  are modif ied o r  improved, since i t  i s  based s t r i c t l y  on observational 
parameters. 

The CSM tax9nony has proved useful  f o r  ou t l i n i ng  the s t ructure o f  the astero id  be l t ,  
and i t  w i l l  probably be extended during the next year o r  two t o  nearly ha1 f the numbered 
asteroids. The usefulness of i t s  appl i c a b i l i i y  t o  the Earth-approaching asteroids o r  t o  
those beyond 3.6 AU, where d i f ferent  populations may ex is t ,  has y e t  t o  be demonstrated, 
however. The reconnaissance datir exemplif ied by the CSM taxonomy are no t  su f f i c ien t ,  how- 
ever, f o r  understanding the mineralogy o f  astero id  surfeces. I t  seems c l ea r  t ha t  deta i led 
analysis o f  r e f l e c t i o n  spectra supported by albedo date and by laboratory and theoret ica l  
work i s  required as we1 1, and our unders tandi fig of the nature o f  the asteroids i n  the next 
few years w i l l  probably be best advanced by a two-pronqed at tack invo lv ing  both cont inuing 
reconnaissance studies and the in tens ive acqu is i t i on  and in te rp re ta t ion  o f  spectrophotorc- 
e t r y  o f  a smaller number o f  representat ive asteroids. 
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DISCUSSION 

VEVERW: Are the  magnitudes t h a t  are included i n  the TRIAD f i l e  the  ones t h a t  have beep 
measured recent;y o r  a re  they from some previous r9ml;i lat ' ion? 

MORRISON: There are  several sources f o r  these magnitudes. Genrels has provided photu- 
e l e c t r i c  r ~ ~ g n i t u d e s  f o r  many. A l o t  more o f  the  magnitudes a re  on l y  photographic. The 
goal was t c  ob ta in  the  best  magnitude fo r  ever). numbered as tero id .  However, f o r  many 
i n d i v i d u a l  objects,  espec ia l l y  f a i r s t  ob jec ts ,  these m3gni t l ~des  car! s t i l l  be very bad-- 
w i t h  br ightness uncer ta in  by as much as a f a c t o r  o f  two. 

CHAPMAN: Another advantrge o f  t h i s  c l a s s i f i c a t i o n  scheme which I th ink  i s  important  i s  
t h d t  a r e l a t i v e l y  simple observing ?rogram i n  which on l y  rad ionet ry  and UdV photometry 
are  used can detec t  the anomalous o r  unusual objects.  The taxonomy a l e r t s  us t o  unuslra: 
as tero ids  we sltould go od t  and l o ~ k  a t  i n  more d e t a i l  w i t h  spectraphotometry and o the r  
techniques. 

HORKISON: About 10; are Us, so ycu can improve the e f f i c i ency  o f  obser ia t ions by a f ~ c t n r  
o f  ten f o r  the  more e labora te  techniques if you decide t o  concentrate on the unc lass i -  
f i ed  objects.  

ANDERS: I wonder i f  the t ime hasn' t c o w  t o  analyze ? i s  popu la t icn  t o  see how homogencn~s 
these classes are  and whether any o f  them break up i n t o  subsets. 



ZELLNER: demember t h a t  t he  data are  ert remely heterogeneous and, t c  do anythinq t h a t  i s  
very formal mathematical ly. one needs a b e t t e r  s e t  o f  data. 

MORRISOM: The number o f  ob jec ts  f o r  which we have a l l  seven of  those parameters nus t  be 
we l l  under 100. Most o f  them are S, o f  course, because o f  t he  observat ional  b ias  i n  
tavor  :)f b r i ~ h t  objects.  Even so, the  h igh albeti'. ones, 1 i k e  Vesta, the  Es, or t he  
Rs are  extremely rare.  Ze l l ne r  w i l l  t a l k  about hb . much r a r e r  they are i n  tbe popula- 
t i o n  as a whole whcn b ias  co r rec t i ons  a re  included. It i s  very cur ious tha t  we a re  
ab le  t o  th ink  of  these r a r e  ob jec ts  as having very c lose re la t i onsh ips  ;a c e r t a i n  me- 
t e o r i t e  classes. However, the  data Sbst! i s  r a p i d l y  expanding, and w i t h i n  the next  year 
i t  may be appropr ia te  t o  apply more soph is t ica ted s t a t i s t i c t i l  tezhniqies,  such as c lus-  
t e r  analysis.  
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GEOGRAPHY OF THE ASTEROID BELT 

BENJAMIN H. ZELLNER 

Several hundred m"or planets can now be c l ass i f i ed  i n t o  
broadly defined C, S, PI, and other corqos i t ional  types. 
Corrections f o r  otservat ional se lect ion bias show t ha t  a t  
l eas t  75% of the main be1 t asteroids are of Type C, about 
15% are o f  Type S, and 10% o f  other types. The propor t ion 
of S objects drops smoothly outward through the b e l t  w i t h  an 
exponential scale length o f  0 4 AU. Objects of  exceptional 
type are found throughout the main be l t .  A t  l eas t  f o r  diam- 
eters  >SO km, the major types show very s im i l a r  size-frequency 
re la t ions.  

Several Hi rayama fami 1 ies  show charac te r i s t i c  op t i ca l  proper- 
t i e s  contrast ing w i t h  the f i e l d  population, and ev ident ly  
or ig inated as the c o l l  i s i o n  fragments o f  d i sc re te  parent 
bodies. The Trojans seem t o  form a composit ionally d i s t i n c t  
population. Of a dozen Amor and Apol lo objects observed, n ine 
are S-l ike, one i s  of Type C, and two show unusual ccmpositions. 

I I NTRODUCTI 3N 

I Much o f  the fasc inat ion o f  minor planets l i e s  i n  t h e i r  population s t a t i s t i c s ,  t ha t  i s ,  
/ the d i s t r i b u t i o n  o f  types over diameter and o r b i t .  I n  the preceding paper Morrison (1978) 
) has s u m r i z e d  the telescopic techniques t ha t  have been used for large numbers of aster -  
, oids, and described the c l ass i f i ca t i on  i n t o  Types C, S, M, etc., recognizable i n  op t i ca l  

polarimetry, thermal r-adiometry, and UBV color imetry.  The c l ass i f i ca t i on  system i s  one 
step removed from attempts a t  mineralogical descr ip t ion as described by McCord (1 978). 
The mifieralogical descr ipt ion, where avai lable,  i s  t o  be much preferred over the simple 
c l ass i f i ca t i on  by op t i ca l  type, but  on ly  f o r  the l a t t e r  i s  a s t a t i s t i c a l l y  adequate sam- 
p l i ng  avai laoie.  A t  the Un i ve r s i t j  o f  Arizona we are beginning a seven-color survey, using 
broadband in ter ference fi 1 te rs  from 0.36 t o  1.05 um wavelength, w i t h  hopes of obtaining 
mineralogicall, d iagnost ic data f o r  a substant ial  f r ac t i on  o f  the numbered astero id  popula- 
t ion. 

The f i r s t  attempts a t  analysis of the population s t a t i s t i c s  was by Chapman e t  a t .  
(1975), who c i ass i f i ed  110 objects i n t o  C, S, and U (unc lass i f iab le)  types. Corrections 
f o r  observational se lect ion e f f ec t s  showed t ha t  the C asteroids are predominant, espec ia l ly  
i n  the outer regions o f  the be l t .  Ze l lner  and Bowel1 (1977) ca r r ied  out  a s im i l a r  exercise 
f o r  359 objects, incorporat ing Types M and E and using f o r  the f i r s t  time a large number o f  
observation: o f  llBV co lor .  The taxonomy has been more c lose ly  examined, and appl ied t o  
data f o r  521 asteroids, by Bowel1 e t  aZ. (1978). Most of the  resu l t s  discussed here are 
taken d i re ! - t l y  f r o3  the l a t t e r  two papers. A bias-corrected analysis of the la rger  data 
set  and more secwe c lass i f i ca t ions  o f  Bowel1 e t  a t .  remain t o  be done. 



THE HAIN BELT 

abeewationat Selection Effect8 

Since minor planets d i f f e r  i n  geometric albedo by a t  l eas t  a fac to r  of ten, any d is -  
cussion o f  d i s t r i bu t i ons  over dianeter and distance must begin w i t h  s t a t i s t i c a l l y  re1 iab le  
diameters and must incorporate correct ions f o r  observational se lect ion biases. Also, we 
must take care tha t  objects of various types o r  distances are intercompared only f o r  s imi-  
l a r  s i ze  ranges. Fa i lu re  t o  observe these precautions can be per i lous. For example, 
Chapman (1976) noted t ha t  c l ass i f i ed  S asteroids tended t o  fa1 1 near Kirkwood gaps, and C 
objects t o  avoid the gaps widely. The r e s u l t  i s  s t a t i s t i c a l l y  well-established, and there 
are no obvious biases toward o r  away from the Kirkwood gaps i n  the compositional surveys. 
As shown by Zel l ne r  and Bowell (1977). however, Chapman's conclusion was only an a r t i f a c t  
of comparing large C asteroids w i t h  small S objects, together w i t h  a genuine tendency for 
large objects o f  any type t o  avoid the gaps. 

Diameters f o r  about 200 asteroids are ava i lab le  from the po lar imetr ic  and thermal- 
radiometr ic surveys (Morrison, 1977a, 1978; Ze l lner  s t  ol., 1977a; Gradie e t  aZ. , 1977). 
I n  add i t i on  we can ob ta in  s t a t i s t i c a l l y  useful  diameter information from geometric albedos ' .  : 
assumed according t o  the compositional type; Zel l n e r  and Bowel 1 (1977) adopted a1 bedos 
0.035 f o r  C objects, 0.12 f o r  Type M, and 0.15 f o r  Type S. 

Corrections f o r  observational sampling bias have been discussed by Chapman t.t a t .  
(1975). Morrison (1977a,b), and Zel lner and Bowel1 (1977). I t  i s  assumed that,  i n  any - , 
region o f  the be l t ,  the sampling completeness i s  a funct ion o f  apparent magnitude on ly .  

I I 
Then bias factors  are computed f o r  each i n t e r va l  o f  magnitude and distance as the r a t i o  of  I I n  

the number o f  objects sampled t o  the t o t a l  number o f  asteroids known t o  be present. For 
each c l ass i f i ed  ob ject  a t  a magnitude and distance associated w i t h  b ias fac to r  n, we assume 1 : ! ;  
t ha t  n-1 addi t ional  asteroids o f  i den t i ca l  s i ze  and type are present. The b ias factors  
need no t  be monotonic functions o f  magnitude, and no d i s t o r t i ons  are introduced by par t icu-  
l a r  attempts t o  obzerve f a i n t  objects o r  members o f  pa r t i cu l a r  Hi rayam famil ies,  so long . ._ 
as the sampling in te rva ls  are adequately chosen. Clear ly  the process i s  l im i t ed  by the # .j 

, , *  
s t a t i s t i c s  o f  sna l l  numbers. 

i 11. 
The b ias correct ion process i s  also l im i t ed  by the normalization sample. Figure 1 

i 1 lus t ra tes the d i s t r i b u t i o n  over he1 iocen t r i c  distance f o r  1978 numbered asteroids. This 
sample i s  i t s e l f  heav i ly  biased, being incomplete f o r  objects f a i n t e r  than about apparent 
magnitude 15.5, o r  diameters smaller than 12 km f o r  inner-main b e l t  S asteroids, 55 km fo r  
outer-main be1 t C objects, and a150 km f o r  the Trojans. For f a i n t e r  asteroids we must de- 
pend upon some ext rapolat ion o f  the magni tude-frequency re1 at ion, o r  r esu l t s  from the 
Palomar-Leiden Survey (van Houten e t  a t .  . 1970). Since few objects b r igh te r  thar. magnitude 
16 were observed i n  the PLS, i t s  region o f  overlap w i t h  the numbered populat ion i s  somewhat 
problematical. 

According t o  the bias analysis o f  Ze l lner  and Bowell, there are approximately 560 main 1 , . 
b e l t  asteroids w i t h  diameters >50 km, o f  which 76': are o f  Type C, 15% o f  Type 5 ,  51. o f  , . 
Type M and 3% o f  o ther  types. S imi lar  resu l t s ,  w i t h  a somewhat higher propor t ion o f  C ob- 

1 : T  
jects,  were obtained by Morrison (1977a.b). Lar e asteroids of the high-albedo var ie t ies  
are genuinely qu i t e  rare. I e l l n e r  e t  a t .  (1977bq noted t ha t  there are apparently no more f . 

than two o r  three E asteroids w i t h  diameter -50 km i n  the e n t i r e  population. I n  t h e i r  
sample o f  523 objects, Bowell c t  a t .  (1978) were able t o  i d e n t i f y  no addi t ional  candidates 
f o r  the Vesta type w i th  diameter 225 km. I t  i s  a remarkable r esu l t  tha t  mixed among the , t 

: i ' 
predominantly dark, carbonaceous populat ion there can be a very few asteroids of qu i t e  I P I 

except i ona 1 type. 
1 :  \' 
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Fig.  1. O l s t r i b u t i o n  over mean h e l i o c e n t r i c  d is tance o f  t he  f i r s t  1978 
numbered asteroids,  i n  increments o f  0.05 AU. Frac t ions i n d i c a t e  the r a t i o  
o f  o r b i t a l  per iods f o r  the  p r i n c i p a l  dynan~ical resonances wi  t h  'upi t e r .  
Adapted from Ze l l ne r  et  a t .  (19?7b). Data are  from the TRIAU computer f i l e  
(Bender e t  aZ., 1978). 

Figure 2 i 1 l u s t r a t e s  the  general decrease o f  the  r e l a t i v e  frequency o f  S-type as te r -  
o ids  w i t h  increas ing semimajor ax i s .  The departures from a smooth curve are  o f  no s t a t i s -  
t i c a l  s i g n i  ficance, and there i s  no evidence fo r  systenlatic d i  f fe re t~ces near Kirkwood gaps. 
The mixing r a t i o  drops exponent ia l ly  w i t h  distance w i t h  a sca le  :ength o f  about 0.4 AU. 
Bias-carrected d i s t r i b u t i o n s  over o r b i t a l  e c c e n t r i c i t y  and i n c l i n a t i o n  have not  as y e t  been 
d e r l  ved. 

The r e l a t i v e l y  sharp c u t o f f  i n  S /C  r a t i o  w l t h  d is tance impl ies  g rea t  d i f f i c u l t i e s  f o r  
any hypothesis i nvo l v ing  formation of  as tero ids  of  var ious types i n  w ide ly  d i f f e r i n g  regions 
o f  t he  s o l a r  system and t h e i r  subsequent r e l o c a t i o n  i n  the main be1 t. (That i s  no t  t o  say, 
o f  course, t h a t  some astero ids  of  r a r e  type could not  have such a r i ~ s t o r y . )  Also l e t  me 
emphasize t h a t  Figure 2 does not  represent a progress1 ve darkening of  as te ro id  surfaces 
w i t h  distance, bu t  va r ia t i ons  i n  the r e l a t i v e  propor t ions  o f  d i s t i n c t  types. The s i t u a t i o n  
may have been misut~derstood by Whipple (1977). Some tendency f o r  5 objec ts  t o  have more 
neut ra l  co lo rs  a t  g reater  d is tance has been noted (Ze l l ne r  c t  o l . ,  1977c), bu t  genera l ly  
ob jec ts  o f  a given type tend t o  show the  sane range of  o p t i c a l  p rope r t i es  no mat ter  where 
located. 



Figure 3 i l l us t ra tes  the bias-corrected d ist r ibut ions o f  C and S*M Types as derived 
by Zellner and Bowel1 (1977). The data are consistent w i th  para l le l  size-frequency rela- 
tions, bath showing a change o f  slope near 160 km; however, the s ta t i s t i cs  are poor f o r  the 
smaller sizes and also fo r  diameters >200 km due t o  the small number of objects present. 
An alternate interpretat ion o f  the sane size-frequency data i s  given by Chapman (1977). 

FAMILIES 

h n g  the most exci t ing results o f  the past year i s  the evidence that  the Hirayama 
'~m i l i es ,  consisting o f  asteroids wi th strongly c lu i tered o rb i t a l  elements, are not random 
col lect ions o f  f i e l d  objects but show a high degree o f  in ternal  homogeneity (Hansen, 1977; 
Gradie and Zel lner, 1977). The fami 1 ies  apparently or iginated as the c o l l  i s ion  fragments 
of discrete parent bodies. Thus we can see i n t o  the i n t e r i o r  of the parent bodies, includ- 
ing possibly d i f ferent iated objects, i n  ways not possible f o r  the major planets and the i r  
sate1 1 i tes . 

The better-populated families often have only one o r  two large members o r  consist en- 
t i r e l y  of small objects. Thus they were generally overlooked i n  the bright-asteroid sur- 
veys and are only now being explored by UBV and s imi la r  techniques. When comparing the 
C O ~ P O S ~  t ions of the smaller family members wi th the non-family f i e l d  population, we are 
dependent upon an incompletely- tes ted assumption, namely that the mixture of types seen 
for large asteroids i s  also characterist ic o f  the f i e l d  population a t  small si tes. 

Fig. 2. Ratio o f  bias-corrected type fw- 
quencies, as a functioc o f  o rb i t a l  semimajor 
axis. Open c i rc les  indicate tones contain- 
ing major Kirkwood aps. Adapted from 
Zellner and Bowel1 71977). 
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Fig. 3. Bias-corrected number o f  asteroids 
sf Type C, and Types S plus M, i n  intervals 
of 0.05 i n  log diameter f o r  the whole main 
be1 t. Adapted from Zel lner  and Bowel 1 
(1977). 
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Fig.  4. Observed UBV co lo rs  f o r  minor p lanets  i n  the Hirayama f a m i l i e s  
associated w i t h  24 Themis, 158 Koronis, 221 Eos, and 44 Nysa. Color domains 
o f  the  C, S. MI and E Types are as defined by Bowel1 e t  al. (1978). The 
symbol a t  B-V = 0.63, U-B = 0.10 i nd i ca tes  adopted co lo rs  o f  the Sun. The 
open c i r c l e  i n  the Nysa fam i l y  represents the H ob jec t  135 Hertha. Data are 
from the TRIAD f i l e  and from Degewi j s t  a t .  (1978). 

F igure  4 i l l u s t r a t e s  UBV data f o r  four fa in i l  i es .  The fami ly  r,rnold 7 4  i s  located i n  
the  i nne r  regions o f  the  main b e l t  b u t  seems t o  conta in  112 typica: C o r  S as tero ids  a t  a l l .  
It cons is ts  o f  t he  i r regu lar ly -shaped 80 km E ob jec t  44 Nysa. t h e  80 kln M ob jec t  135 Hertha, 
and a t  l e a s t  s i x  small fragments o f  an u n i d e n t i f i e d  bu t  unusual composit ional type. 
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Ze l l ne r  et JL. (1977b) attempted t o  reconst ruc t  t h i s  f am i l y  as i n  F igure  5, w i t h  the hypo- 
thes lz  tha t  the small fragments are a l so  n f  t he  E type end tha t ,  tagether w i t h  44 Nysa, 
they represent the e n s t a t i  te-achondri t i c  she1 1 c o l l  i s i o n a l  l y  spa1 l e d  froni the  i r o n  core 
135 Hertha. A1 te rna te  i n t e r p r e t a t i o n s  are poss ih le ,  as f o r  exaniple a f o r s t e r i  t e  n i ineral-  
ogy f o r  the E ob jec ts ,  o r  an e n s t a t i  te-chondr i  t i c  nature  f o r  Hertha and sonie o f  the  small 
fragments. M e t e o r i t i c  evidence tends t o  favor a conmion o r i g i n  f o r  the  e n s t a t i t e  chon- 
d r i t e s  an+ achondri tes  (C lay to t i  ,!t a [ .  , 1976; Hertogen c t  , 1 1 . ,  1978). I n  any case a very 
i n t e r e s t i n g  parent body has been broken open t o  fonn the 4 4  Nysa fan i i l y .  

The fam i l i es  hi ray an^ 2 (221 Ec5) an3 Hirayacna 3 (158 Koronis) are  the subject  o f  a 
survey i n  progress by UBV and thernu l - rad iomet r ic  techniq .(IS (Gradie r t  d l . ,  1977). The 
Koroniz objects appear t o  be e n t i r e l y  of  Type S ,  al thouqh the f i e l d  p o p u l a t i o ~  cons is ts  o f  
a t  l e a s t  80% Type C a t  i t s  h e l i o c e n t r i c  d istance. This fal l l i ly (as does Hirayanla 2) has no 
prominent l a rges t  member bu t  a t  l e a s t  a dozen ob jec ts  i n  the 30-50 km s i ze  range, and i s  
c l e a r l y  the r e s u l t  of a ca tas t roph ic  fragnientation event. Here we have evidence t h a t  S 
ob jec ts  are  i n t e r n a l l y  honrogeneous w i t h  no Iarqe i r o n  core o r  o the r  marked composit ional 
inhomogenei t y  . 

The 221 Eos faciii ly i s  s i m i l a r l y  d i s t i n c t  from the f ~ e l d  popu la t ion  and contains th? 
only known astero ids  which appear t o  be internlediate betr.,l:n C and S types. Pre l in l inary  
i nd i ca t i ons  a r e  t h a t  they i n  fac t  forn: a l i n e a r  se r ies  between t y p i c a l  C and S p rope r t i es  
i n  both albedo and co lo r .  A r e f l e c t i o n  spectruni o f  2 2 1  l o s  i t s e l f  (McCord and Chapman. 
1075) i s  pecu l i a r  and has been in te rp re ted  i n  ternis o f  a mix ture  o f  ~ ~ u f i c  s i l i c a t e s  and 
opaques perhaps reseellbl i n g  the C3 chondri t ~ s  (Gaffey and McCot-d , 1977). Fur ther  specula- 
t i ons  on the nature  o f  t h i s  fanli l y  would be preri~ature. 

I n  UDV co lo rs  t l ie  24 Theniis fami ly  (Hiraydmad 1 ) appears t o  cons i s t  e n t i r e l y  o f  C oh- 
j ec t s ,  s i x  o f  the111 fa1 l i n g  i n  the 100-200 kill dial i leter ranqe. Here we have a backqround 
problen~, s ince the f i e l d  populatioci a t  senrimajor ax i s  3.14 AU i s  a t  l e a s t  90 of Type C .  
S t i l l  the  chances are sliiall t h a t  no S o r  o the r  types wduld be found out o f  19 ob jec ts  
sampled, and t h i s  fanl i ly  a l so  appears t o  have a c o l l i s i o n a l  o r i g i n .  

F ig .  5. Reconstruction o f  the  4 4  Nysa 
family, as suggested by Ze l l ne r  ,-! a!. 
(1977b). 135 Hertha i s  taken t o  represent 
a metal 1 i c  core, and 44 Nysa and the sinal l e  
fragliients a niantle o f  ens ta t i c -achondr i t i c  
(o r  o ther  t rans i  t ion-n ie ta l - f ree)  ~ i i t e r i a l  . 
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It has several times been suggested t h a t  C as tero ids  may cons i s t  o f  S type o r  o the r  
s tony-meta l l i c  cores which subsequently accreted sur face layers  o f  dark carbonaceous mate- 
r t a l .  This hypothesis may be at tacked on several  grounds, one o f  which i s  the evidence 
from the fami l ies .  For the Koronis ob jec t  i t  would be necessary t o  assume t h a t  the C 
ma te r ia l  was e n t i r e l y  removed before  the major c o l l i s i o n  t h a t  produced the family, o r  e l se  
disposed of i n  some way. For the Themis family the p u t a t i v e  core  would have t o  be s t i  11 
concealed i n  one of  t he  l a r g e r  members. 

F i l i ~ l l y ,  l e t  me note t h a t  a t  l e a s t  ha l f  the as te ro id  popu la t ion  cannot be assigned'to 
recognizable fami ly groups, bu t  may nevertheless hdve o r i g i n a t e d  i n  c o l l  i s i ons  f o r  which 
the deb r i s  i s  now wide ly  dispersed. Thus the o v e r a l l  complexion o f  t h e  b e l t ,  i nc lud ing  
such general trends as seen i n  Figure 2, may be t e l l i n g  us niore about the i n d i v i d u a l  prop- 
e r t i e s  of  a r a t h e r  small number o f  parent bodies than about the continuum p roper t i es  o f  the  
s o l a r  nebula. 

THE OUTLIERS 

Of  the 2045 present ly  numbered minor p lanets,  1917 move i n  o r b i t s  w i t h  semimajor a x i s  
between 2 . ~ ~ 6  and 3.65 AU, e c c e n t r i c i t y  ~0 .35 ,  and i n c l i n a t i o n  <30". Of the ~emainder ,  
there  a re  21 numbered Trojans near the e q u i l a t e r a l  Lagrangian po in ts  o f  Jup i te r ,  27 Hi ldas 
near the 2/3 resonance a t  3.95 AU, 16 tlungarias w i t h  r e l a t i v e l y  h igh i n c l i n a t i o n  o r b i t s  
i ns ide  the 1/4 resonance, and 48 Apollo/Arnor ob jec ts  i n  Mars- o r  Earth-crossing o r b i t s  
(see Figure 1). The sampling i s  c l e a r l y  much biased i n  favor of  nearby ob jec ts .  Sixteen 
numbered as tero ids ,  i nc lud ing  2 Pa l las  w i t h  i t s  except ional  i n c l i n a t i o n ,  f a l l  i n t o  none o f  
the  above categor ies.  The Hungarias, Hi ldas.  and Trojans may have been formed a t  t h e i r  
present distances, bu t  the  Apollos and Amcrs appear t o  need a source o f  replenishment from 
the main b e l t  o r  from the comet popu la t ion  (Wethe r i l l .  1976, 1978). 

Fig.  6. UBV co lo rs  fo r  twelve as ter -  F ig .  7. UBV co lo rs  f o r  n ine Trojan as te r -  
o ids  i n  Earth- and Mars-crossing o r b i t s .  o ids  ( f i l l e d  c i r c l e s )  and fo r  the outer  
Data are  from the TRIAD f i l e .  s a t e l l i t e s  JV1, J V l l ,  and Phoebe. Data 

are  from Degewij e t  ( 1 1 .  (1978) and unpub- 
1 ished r e s u l t s  a t  the Un ive rs i t y  o f  Arizona. 



Figure  6 i l l u s t r a t e s  UBV data f o r  a dozen small bodies i n  Earth- and E;i s-crossing 
o r b i t s .  Most ly they have S - l i k e  o p t i c a l  p roper t ies ,  b u t  b ias  cor rec t ions a re  d i f f i c u l t .  
(Ac tua l ly  the  d i s t r i b u t i o n  o f  types i s  very s i m i l a r  t o  t h a t  f o r  t he  dozen b r i g h t e s t  main 
be1 t astero ids .  ) Some o f  these have been s tud ied i n  d e t a i l ,  and 433 Eros i s  perhaps the 
best-observed o f  minor planet: (Iccuue, Volume 28, No. 1, 1976). Object 1685 Toro i s  t he  
best  i d e n t i f i e d  candidate f o r  an ordinary-chondr i  t i c  composition among the as tero ids  
(Chapman e t  al . ,  1973). Object 1580 B e t u l i a  i s  the on l y  we l l -es tab l ished C type among the  
Mars-crossers; 1474 Bei r a  has r e l a t i v e l y  neu t ra l  co lo rs  o f  unknown s ign i f i cance.  

Figure 7 d isp lays  UBV co lo rs  f o r  n ine Trojanc. McCiird and Chapman (1975) repor ted 
except ional  r e f l e c t i o n  spectra tu rn ing  upward ili the i n f ra red ,  u n l i k e  anything i n  the main 
b e l t ,  f o r  t he  Trojans 624 Hektor and 911 Agamemnon. The ava i l ab le  UBV cu lo rs  and un i formly  
low thermal-radiometr ic albedos (Cruikshank. 1977; Degewij e t  a l . ,  1978) argue a h igh  
degree o f  homogeneity among the Trojans, w i t h  an u n i d e n t i f i e d  composi t i o r  d i s t i n c t  from the 
r e s t  of  the as tero ids .  F igure  7 a l so  i l l u s t r a t e s  remarkably s i m i l a r  co lors ,  d i s t i n c t  from 
the Trojans, f o r  t he  ou te r  s a t e l l i t e s  JVI, JVI I ,  and Phoebe. 

The H i l da  as tero ids  are  poor ly  explored. UBV co lo rs  reported by Degewij e t  a t .  (1976) 
a re  genera l ly  T ro jan - l i ke ,  bu t  w i t h  wider sca t te r .  Degewi j e t  a t .  f i n d  a v a r i e t y  of  types 
among the Hungarias; 434 Hungaria i t s e l f  i s  o f  the  very ra re  E type. 

FUTURE WORK 

I n  s p i t e  o f  enormous progress i n  the  l a s t  f i v e  yearc.. we are on l y  beginning t o  scra tch 
the surface of  the  minor p lanet  popu la t ion  w i t h  regard t c  some very i n t e r e s t i n g  questions. 
Future spare miss i011s may be l i m i t e d  by the laws o f  c e l e s t i a l  mechanics t o  ob jec ts  which 
now seem whol ly i n s i g n i f i c a n t .  and i t  i s  v i t a l  t h a t  we be ab le  t o  make i n t e l l i g e n t  choices 
among such poss ib le  targets.  Returns from the In f ra red  Astronomy Sate1 li t e  w i  11 t r i v i a l  i z e  
e f f o r t s  t o  date i n  the  a r t  o f  as te ro id  thermal radiometry, but  radiometry alone i s  no t  
enough f o r  minera log ica l  c l a s s i f i c a t i o n .  The UBV technique i s  capable of reaching almost 
any numbered as tero id ,  bu t  i s  a l so  l i m i t e d  i n  d i a g n o s t i c i t y .  

Detectors now e x i s t  by which i t  i s  poss ib le  t o  ob ta in  d iagnost ic  cpec t ra l  r e f l e c t i v i t y  
data a t  wavelengths out  t o  0.10 pm f o r  q u i t e  f a i n t  ob jec ts .  A thousand minor p lanets  cou ld  
be thus observed i n  th ree years '  work. and I be l i eve  t h a t  such a dedicated ground-based 
survey i s  the  c r i t i c a l  next  step. 
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DISCUSSION 

CHAWN:  You have looked a t  several o f  the most populous famil ies.  Previously pub1 ished 
data on representat i  ves o f  o ther  famil  ies  have shown tha t  they have heterogeneous com- 
pasi t ions among the members, so i t  i s  not  a general r u l e  t ha t  astero id  fami 1 ies  have 
members w i t h  iden t i ca l  compositions. There are other cases where there are considertble 
d l  fferences. 

ZELLNER: We should look a t  those too. 
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ASTEROID SURFACE MINERALOGY : 
EVIDENCE FROM EARTH-BASED TELESCOPE OBSER'JATIONS 

THOfiMS B. McCORD 
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P~~ PAGE BlXNlC NOT Fltbaa 
Surface mineralogy o f  asteroids can be inferred i n  many cases 
using a variety o f  spectroscopic r m t e  sensing techniques. 
Through the appl i ca t ion  o f  these techniques, mainly over the 
past ten years, mineral assemblages analogous t o  most meteor- 
i t e  types have been found as surface materials o f  asteroids. 
Conspicuously r a w  o r  absent from the main asteroid be1 t are 
ordinary chondri te-1 i ke assemblages, whi l e  carbonaceous mate- 
r i a l s  are common as are metal-si l icate assemblages. The dis- 
t r i bu t i on  of mineral assemblages wi th asteroid size and 
distance from the Sun reveals heterogeneity which i s  surely 
i n f o m t i v e  o f  early accretionary and evolution processes, 
but the precise meanings are ye t  t o  be agreed on. 

Low temperature assemblages are re la t ive ly  more abundant with 
increasing distance fm the Sun. A1 1 assemblages generally 
can be found inside 3.0 AU and metal plus orthopyroxene assem- 
blages are concentrated inside 2.5 AU. 

INTRODUCTION 

Surface mineralogy i s  one o f  the most revealing types o f  information obtainable about 
asteroids, since d i rec t  evidence o f  the compositf@nal and thermal evolution o f  the objects 
i s  derivable. The mineral assemblages present are more i n f o m t i v e  than elemental abun- 
dances, f o r  the exact combinations o f  elements i n  a mineral and the crystal structure are 
very sensit ive t o  the composition o f  the parent materlal and t o  the temperature and pres- 
sure h i  story. 

Near u l  t rav io let ,  visible, and near-infrared reflectance spectroscopy i s  the most 
de f i n i t i ve  avai lab le  technique 'or the m w t e  determination o f  asteroid surface m i  w r a l -  
ogles and petrologies. Electronic absorption features present i n  the reflectance spectra 
o f  asteroids (Figuw 1) are d i rec t l y  related t o  the mineral phases present (Adams, 1975; 
McCord e t  al .  , 1978). 

Polarimetry, in f rared radiometry and several other techniques (Morrison, 1978) provide 
complementary information, such as albedo, which, although not a unique function o f  minerat- 
ogy, i s  very useful i n  d i f fe rent ia t ing  between mineralogic groups and i n  resol ing ambigu- 
i t i e s .  Y 

PREVIOUS CHARACTER1 ZATIONS OF ASTER01 D SURFACE MATERIALS 

kCord  et  al. (1970) measured the f i r s t  0.3-1.1 um spectrum o f  an asteroid, 4 '.'orta, 
and ident i f ied  an absorption feature near 0.9 um (see Figure 1) as due to  the mineral py- 
roxene. Thej suggested that  the surface materlal was s imi la r  t o  basa; ~ i c  achondri t i c  
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meteorites. Hapke (1971) c o m p ~ w d  the UBV co lo rs  o f  a number o f  as tero ids  t o  a v a r i e t y  o f  
lunar,  m e t e o r i t i c  and t e r r e s t r i a l  rocks and rock powders. He concluded t h a t  t he  surface 
mater ia l  c f  these as tero ids  cou ld  be matched by powders s i m i l a r  t o  a range of  the  compari- 
son mater ia ls  bu t  n o t  by m e t a l l i c  surfaces. Chapman and Sa l isbury  (1973) i nd i ca ted  t h a t  
some matches between as te ro id  and meteor i te  spectra were found f o r  several meteor i te  types 
i nc lud ing  e n s t a t i  t e  chondri tes, a basal t i c  dchondri te, an o p t i c a l l y  unusual ord inary  chon- 
d- i  t e  and, possibly,  a carbonaceous chondr i te.  Johnson and Fanale (1973) showed t h a t  t he  
a1:~edo and spect ra l  c h a r a c t e r i s t i c s  o f  some astero ids  are s i m i l a r  t o  C1 and C2 carbonaceous 
chondr i tes and others t o  i r o n  meteor i tes.  The l a t t e r  two sets  of authors noted the  problem 
of  def in ing p rec i se l y  what cons t i t u ted  a 'match,' and both ra ised the quest ion o f  s u b t l e  

McCoM and Gaffey (1974) u t i l i z e d  absorpt ion features and qenerai spect ra l  p rope r t i es  I 
to  character ize  surface ma te r ia l s  o f  14 as tero ids .  They i d e n t i f i e d  minera' assemblages 
s i m i l a r  t o  carbonaceous chondri te, s tony- i  ron, i ton, basal t i c  achond-i t e  and s i  1 icate-metal  
meteorites. At  t h a t  t ime i t  was poss ib le  t o  e s t a b l i s h  the general i d e n t i t y  o f  the spec- 

Chapman e t  at. (1975) u t i l i z e d  spect ra l ,  albedo and p o l a r i z a t i o n  parameters t o  de f i ne  
two major as te ro id  groups. The f i r s t  group was character ized by having low albedos (20.09), 
st rong negat ive po la r i za t i ons  (> I .  1%) a t  small phase angies and r e l a t i v e l y  f l a t ,  feature- 
l ess  spect ra l  re f lec tance curves. These parameters were s i m i l a r  t o  those f o r  carbonac~ous 
chondr i tes and these as tero ids  were designated as 'carbonaceous' o r  C type. The second 
group was character ized as having higher albedos ( 3 . 0 9 ) .  weaker negat ive p o l a r i z a t i o n s  
(0.4-1.03 and reddish, sometimes featured spect ra l  curves. These parameters were compara- 
b l e  t o  those fo r  most o f  the  meteor i tes which conta in  r e l a t i v e l y  abundant s i l i c a t e  minerals 
so t h i s  group was designated ' s i l i c e o u s  o r  s tony- i ron '  o r  S types. A small m i n o r i t y  
(-10%) o f  t he  as tero ids  could no t  be c l a s s i f i e d  i n  t h i s  system and were designated 'unclas- ' - _  

4 .- 
s i f i d '  o r  U types. This c l a s s i f i c a t i o n  system has been redefined recen t l y  by Bowel1 e t  at. ' - 7  

(1978). ( I n  t h i s  volume, see Morrison, 1978.) ! : , I :  
This simple c l a s s i f i c a t i c n  scheme can be q u i t e  useful s ince i t  does seem t o  o f t e n  

separate these two major types of  ob jec ts  and the obse-va t i o n a l  parameters on which the 
scheme i s  based can be measured a t  present f o r  ob jec ts  f a i n t e r  than those f o r  which com- 
p l e t e  spectra can be obtained. The choice of  terminology i s  unfortunate,  however, s ince 
i t  impl ies  a s p e c i f i c  d e f i n i t i o n  o f  surface mater ia ls  i n  m e t e o r i t i c  terms, which was no t  
intended. Any ' f l a t - b l a c k '  spect ra l  curve would be designated C type whether o r  n o t  t he  
surface mater ia l  would be character ized as carbonaceous by any o ther  c r i t e r i a .  A s i m i l a r  
ob jec t i on  can be ra ised w i t h  respect t c  th? 's i lSceous'  tevminology s ince i t  impl ies  a 
degree o f  s p e c i f i c i t y  not  present i n  the c l a s s i f i c a t i o n  c r i t e r i a .  

Thus, w h i l e  the C and S c l a s s i f i c a t i o n  o f  as tero ids  cannot be viewed as a desc r ip t i on  
of mineralogy o r  petrology,  i t  does prov ide v a l i d  cha rac te r i za t i on  w i t h  respect  t o  the 
chosen parameters. Since the  groups appear i n  each of the  parameters used (albedo, p o l a r i -  
zation, color ! ,  a s i n g l e  measurement such as UBV c o l o r  can be used t o  c l a s s i f y  the as te ro id  
(Ze l l ne r  e t  at.  , 1975; Zc l l ne r  e t  aZ. , 1977b; Ze l lner  and Eowell , 1977; Florrison, 1977a,b). 

Fig.  1. Typical  spect ra l  re f l ec tance  curves f o r  t he  var ious as te ro id  spect ra l  groups : I 

3 Juno, RA-1; 8 Flora, RA-2; 16 Psyche, RR; 9 Met is,  RF; 4 Vesta, A; 349 Dembowska, A; 
1 Ceres, F; 141 Luwn, TA; 10 Hygiea, TB; 51 Nemausa, TC; 80 Sappho, TD; and 532 Hercul ina,  
TE. Spectral curve f o r  each as te ro id  i s  d isplayed i n  sevcral formats: le f t - -normal ized 
re f lec tance versus wavelength (pm); center--normalized re f lec tance versus energy (wave- 
number, cm'l; and r i g h t - - d i  f ference between spect ra l  curve and a l inear  'continuum' f i t t e d  
through 0.43 pm and 0.73 pm po in ts .  (From Gaffey and McCord, 1978. ) 



A very favorab le  a p p a r i t i o n  i n  e a r l y  1375 pen l l i t ted  the llleasurelllent o f  a  v d r i e t y  o f  
spect ra l  data se ts  f o r  the Earth-approaching as te ro id  4 3 3  E1.o~. P ie te rs  , . t  ,z!. (1476) 
measured the  0.33-1.07 IIIII spect ra l  r e f l ec tance  uf Cros tl!rough 25 ndrrow bdndpdss f l l t e t ' s .  
This curve was i n t e r p r e t e d  as i r ~ d i c a t i n g  an asselllhldge o f  o l i v i n e .  pyroxene and metal. w i t h  
metal abundance equal t o  o r  g reater  than t h a t  i n  the H-type chondr i teq .  Veeder ,*t , I : .  

(1976) measured the spectrum of  Eros through 11 f i l t e r s  from 0.65-2.2 UIII and cor~cluded thd t  
t h e i r  spec t ra l  data i nd i ca ted  a  mix ture  of o l i v i n e  and pyroxene w i t h  a  n l e t d l - l i k e  phase. 
Uisniewski (1976) concluded from a  h iqher  r e s o l u t i o n  spectrunl (0.4-1.0 ~1111) t h a t  t h i s  sur -  
face was best  nlatched by a  n l i ~ t u r e  o f  i r o n  o r  s tony - i r on  n ~ a t c r i a l  w i t h  o rd ina ry  chondr i  t i c  
ma te r i a l  ( r i ' . , ~ .  . i r o n  + pyroxene + olivine). but  s u g q ~ s t e d  thd t  o l i v i n e  i s  absent o r  r'dre. 
Larson c t  d l .  (1976) measured the 0.9-2.7 L~III spec t ra l  ref !ectdnce curve fo r  Eros and iden- 
t i f i e d  Ni-Fe and pyroxene. bu t  found no evidence o f  o l i v i n e  o r  fe ldspar .  The d i spu te  over 
the o l i v i n e  content  a r i ses  bcra8rse o f  s l i g h t  d i f f e rences  i n  the observed spectrn near 1  ~1111, 

and the unce r ta in t y  i n  the nletal abundance i s  due t o  i ncol l~plete q u a n t i t a t i v e  understanding 
o f  the spect ra l  c o n t r i b u t i o n  o f  metal i n  a  mix ture  w i t r ~  s i l i c d t e s .  

. . I  , \  - , . - 4  *s 8 : i . ' \ ~  ' - 4  ' I .  * ;  : 

I b 
I .  

, ' . .  ,G.\ ; 

I n  d comprehensive a r t i c l e ,  Gaffey and McCord (1977) presented d d e t a i l e d  n~ ine ra loq -  . t ., 
i c a l  ana l ys i s  o f  65 ds te ro id  re f l ec tance  spect1.d and d r r i v e d  a t  the n~os t  colllplete descr ip -  
t i o n  , - x i s t i ng  o f  the n ~ i n e r a l  assenlbldges present on as te ro id  surfaces.  They a l s o  gave d , ' I *  
review o f  the  f i e l d  and a  d e t a i l e d  d iscuss ion o f  the i n t e r p r e t i v e  techniques apo l i ed  t o  I A 

der i ve  n~ inera logy .  Much o f  the 111ateria1 i n  the present d r t i c l e  i s  der ived froni t h i s  p d ~ e r  t 

and the reader i s  r e f e r r e d  t o  i t  f o r  nore de ta i  l ed  and c ~ n i p r e h ~ n s i  ve i n fo t l s ,~ t i on .  
. ;  

This approach can a l so  be u t i l i z e d  t o  i d e n t i f y  anomalous ob jec t s  (Ze l l ne r .  1975; Ze l l ne r  
e t  a t .  , 1977a) o r  t o  e s t a b l i s h  poss ib le  genet ic t e l a t i o n s h i p s  between ~nell~bers o f  a s t e r o i d  
dynamical fami 1 ies (Cradle and Ze l lner ,  1977). Chapman (1976) u t i  1  i r e d  the  bas ic  CSM c las -  
s i f i c a t i o n  system hut i d e n t i f i e d  subd iv is ions  based on d d d i t i o n a l  spect ra l  c r i t e r i a  ( ' s l ope . '  
'bend' and 'band depth '  ; McCord and Chaplnan. 1975a.b) which a re  n ~ i n e r a l o g i c a l l  y s i g n i  f i can t .  

. I .. .-.i f The evo lv ing  cha rac te r i za t i on  o f  the sur face mineralogy o f  the as te ro id  3 Vestd i s  

, i i l l u s t r a t i v e  o f  the in~prov ing s o p h i s t i c a t i o n  o f  the i n t e r p r e t a t i v e  ~)t 'occss. 

1 .  
t . j '.- 
! . !  
! ; 

I : 

't i 
, , 

, . 

( 

( I  

a. McCord r V t  o l .  (1970) n~easured the re f l ec tance  spectr-UIII 11f Vestd 
w i t h  nloderdte spect ra l  r e s o l u t i o n  and coverage (0.40- 1 0:: L~III. 

$4 f i  1  t e r s ) .  They i d e n t i f i ' d  a  deep dbsorp t ion  band (i .0.92 IIIII) 
which they i n te rp re ted  as d i a  nos t i c  o f  a  p igeoni  t e  (pyroxene 
w i  t h  naderate c a l c i  UIII content!. The spec truni was llotched t o  thd t 
o f  a  e u c r i t i c  b a s a l t i c  achondr i te  (pyroxene + p l ag ioc ldse ) .  A 
second pyroxene band was p red i c ted  ntaar 2 . ~ 1  ;I:II. 

Johnson o t  a l .  (1975) ~neasured the nea r - i n f ra red  re f l ec tance  o f  th ree as tero ids  
I 
, , 

through the broad bandpass J, H, and K f i l t e r s  (1.24, 1.65 and 2.2 11111) and coricluded t h a t  
! I 

these were cons i s ten t  w i t h  the  i n f r a r e d  re f l ec tdnce  o f  suggested n ~ e t e o r i  t i c  a a t e r i a l s .  
Matson d t  a l .  (1977a.b) u t i l i z e d  i n f ra red  H and K re f lec tances t o  i n f e r  t t u t  space wedther- 
i ng  processes were r e l a t i i e l y  i r i oc t i ve  on as te ro id  surfaces i n  con t ras t  t o  the surfdces o f  i 1  , 

the Moon and Mercury. 

b. Chapman (1972) ohtained a  spect ra l  curve o f  Vesta w i t h  the i 
absorp t ion  feature centered near 0.95 uni hlhich was i n te rp re ted  I 

t o  i n d i c a t e  a  nlore calcium- o r  i r o n - r i c h  p iqeon i te .  I 

1 .  

c. Chapman and Sa l isbury  (1973) conlpart3d t h i s  spectrulrr t o  a  ranqe 
of nleteori tes and concluded t h a t  i t  was best  r'atched by a  ; I  \ :  

\ 
labora tory  spectrunl o f  the howard i t i c  b a s a l t i c  achondr i te,  
Kapoeta. 
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d. Veeder e t  o l .  (1975) measured a h igh - reso lu t i on  (1.50 i) 
0.6-1 . l  urn re f lec tance spectrum of Vesta, determined the ab- 
so rp t i on  band p o s i t i o n  t o  be 0.92 + 0.02 urn and in te rp re ted  
t h i s  t o  represent a c a l c i c  pyroxene o r  e u c r i t i c  b a s a l t i c  
achondri te. 

e. Johnson e t  a l .  (1975) measured the broad bandpass re f lec tance 
o f  Vesta a t  1.65 and 2.20 urn (H and K f i l t e r s )  and concluded 
t h a t  the  data matched t h a t  expected f o r  a bzsal  t i c  achon- 
d r i t i c  surface ma te r ia l .  They emphasized the need for  h igher-  
r e s o l u t i o n  spectra beyond 1.0 um. 

f. Larson and Fink (1975) determined the  1 . l -3 .0  um re f lec tance 
o f  Vesta r e l a t i v e  t o  the loon. They i d e n t i f i e d  the pred ic ted 
second pyroxene band and confirmed the ex i  s tence o f  pyroxene 
i n  the surface ma te r ia l .  They i nd i ca ted  tha t  no absorpt ion 
bands f o r  o l i v i n e ,  fe ldspar  o r  i ces  were seen i n  the spectrum. 

g. IlcFadden e t  a l .  (1977) measured the h igh- reso lu t ion  (20-40 i) 
0.5-1.06 um spectrum and determined the band p o s i t i o n  t o  be 

0 
; 

0.924 t 0.004 urn. They i n f e r r e d  the presence o f  a 10-12 mole: 
Ca pyroxene and suggested t h a t  the symmetry of  the absorpt ion ? 

feature ind ica ted l i t t l e  o r  no o l i v i n e .  

h. Larson (1977) presented the 1 .O-2.5 urn re f lec tance curve o f  
V ~ s t a  r e l a t i v e  t o  the Sun. The band minimum (2.00 + 0.05 um) 
i s  w i t h i n  the f i e l d  o f  e u c r i t e  me te t r i t es ,  although i t  may 
over lap w i t h  the howardite f i e l d .  

Improvements i n  the minera log ica l  and pe t ro log i ca l  cha rac te r i za t i on  o f  the surface 
mater ia ls  o f  4 Vesta r e s u l t  p a r t l y  from improvements i n  spect ra l  reso lu t i on  and coverage. 
Perhaps most important  has been the improved understanding o f  the  minera log ica l  s i g n i f i -  

SUMMARY OF ASTEROID MINERALOGICAL INFORMATION 

Minera log ica l  i n t e r ~ r e t a t i o n  o f  the cbserved spectra of  approximately s i x t y  as tero ids  
has been made u t i  1 i z i n g  the wavelength dependent o p t i c a l  p roper t ies  c f  ne teo r i  t i c  and 
meteori t e - l i k e  mineral  assemblages (see Gaffey and McCord, 1978) and a summary i s  g iven i n  
Tables 1 and 2. The albedos ( rad iomet r i c )  and the depth o f  the negat ive branch o f  the 
polar izat ion-phase curve have been used t o  provide an i n d i c a t i o n  o f  the  bu lk  o p t i c a l  den- 
s i t y  o f  the surface mater ia l ,  which constrains the i n t e r p r e t a t i o n  of  the surface mineralogy 
and pet ro logy.  A wide v a r i e t y  o f  minera log ica l  assemblages have been i d e n t i f i e d  as as te r -  
o i d  surface mate ria:^. These assemblages are  mixtures of  the  minerals found i n  meteor i tes.  
However, the  r e l a t i v e  abundance of  mineral  assemblage types present on main be1 t as te ro id  
surfaces d i f f e r s  r a d i c a l l y  from the r e l a t i v e  abundance of  m e t e o r i t i c  miners1 assemblages 
a r r i v i n g  a t  the  Ear th ' s  surface. The r e l a t i v e  abundances o f  var ious assemblages as d i s -  
cussed here are  uncorrected f o r  observat ional  b ias  against  the  smaller, darker, and more 

f 

a 

I 

cance o f  absorpt ion features i n  re f lec tance spectra. The recent e f f o r t  has concentrated 
on cha rac te r i z ing  the mineral absorpt ion features more prec ise ly ,  but  the  o r i g i n a l  i n t e r -  
p r e t a t i o n  (McCord e t  a l . ,  1970) s t i l l  appears v a l i d .  

d i s t a n t  as tero ids  as described by Chapman e t  a l .  (1975). Morr ison (1977b). and Ze l l ne r  and I 
Bowel1 (1977). 
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Table 1 (cont inued) - -------.---------- - ------- 

As tet-o id Spectra 1 Mineral  M e t e o r i t i c  
TY pe Assemblage (b )  Analogue (c ) ------------ -------- ~- -~ ------- -- --- -.-- 
TD S i l (O ) ,  Opq(C) C 3 U 
R F NiFe, ( S i  1 (E)) E. Chon., I r o n  S 
TABC P ~ Y .  O P ~ ( C )  Cl-C2 C 

335 Roberta F S i l ( 0 ) .  Opq(M)* C4 ( Karoonda ) U 

349 Dembowska A 01, (NiFe) 01. Achondri t e  0 
I 

RA- 1 S 354 Eleonora NiFe z 01 Pal l a s i  t e  - - S Px 01, Ni Fe H Chondri t e  b 

RF ( ? )  --- - - - S 

T ABC Phy* Opq(C) C1 -C2 C 
T A Phy, O P ~ ( C )  C1-C2 C 

511 Davida TB P ~ Y .  Opq(C) C1-C2 c (C*) 
532 Hercu l ine  T E S i l ( 0 ) .  Opq(C) C3 S 

T A Phy, Opq(C) C1-C2 C ' >  
TC P ~ Y ,  O P ~ ( C )  C1-C2 C 

674 Rachele RF ( ? )  - - -  - - -  S 
704 1 n teramn i a F S i l ( O ) ,  Opq(M)* C4 ( Ka r ~ o n d a  ) U 

887 A l inda T D S i l (O ) ,  Opq(C) C 3 S I .  
1685 Taro ( f j  - - Px, 01 L Chondri t e  ( ? )  U : I 

! 
1 I 

i 

( a )  From Gaffey and McCord (1978). I 
I : ,. 

( b )  Mineral  assemblage of a s t e r o i d  surface ma te r i a l  determined from i n t e r p r e t a t i o n  o f  , ! 
ref lec tance spectra:  NiFe ( n i c k e l - i r o n  metal ) ;  01 (01 i v i n e ) ;  Px (pyroxene, gener- 
a l l v  low calc ium orthopyroxene); Cpx (c l inopyroxene, c a l c i c  pyroxene); S i l ( 0 )  t 1 -  
f c  a ~ i c  s i l i c a t e ,  most probably o l i v i n e ) ;  S i (E )  ( spec t ra l  neu t ra l  s i l i c a t e ,  most , I 

PI-obably i r on - f ree  pyroxene ( e n s t a t i  t e )  . o r  i ron - f ree  01 i v i n e  ( f o r s t e r i  t e )  ; Phy I 

( p h y l l o s i l l i c a t e ,  l a y e r  l a t t i c e  s i l i c a t e .  m e t e o r i t i c  c l a y  minera l ,  gene ra l l y  hy- 
drated,  unleached w i t h  ahundant subequa! ~ e = +  and ca t i ons ) ;  0 ~ q ( C )  (opaque 
phase, most probably carbon o r  carbon compounds); Opq(M) (opaque phase. most prob- ; \. 
ab ly  magnet i te o r  r e l a t e d  opaque ox ide ) .  

'i > 

Mathematical symbols ( ' > I ,  grea te r  than; ' > > I ,  much g rea te r  than; ',L', approxiniately 
equa l )  ace used t o  i n d i c a t e  r e l a t i v e  abundance o f  mineral  phases. I n  cases where 
abernd:*nce i s  undetermined, o rde r  i s  o f  decreasing apparent abundance. 

1 b 

Astero ida l  spectra which are  ambiguous between 'TDE' and 'RF' a re  no t  charac ter ized , .  
I i ne ra log i ca l  l y .  

, 
( c )  M e t e o r i t i c  qnalogues are  examples o f  me teo r i t e  types w i t h  s i m i l a r  mineralogy bu t  

genet ic  l i n k s  are  no t  es tab l ished.  For exanlple, ob jec t s  designated as analogous t o  
mesosideri:es cou ld  be a mechanical me ta l -basa l t i c  achondr i t i c  mix ture .  I 

( d )  A s t e r o i d ~ ~ l  spect ra l  type as def ined by Chapman r t  21.  (1975) and as summarized by 
t 

J 

Zel lner and Bowel 1 i 1977). C *  des ignat ion  from Chapman (1976). j : I .  
( e )  r i e t e r s  c t  a/. (1976). 1 '  

9 

' t )  Chapn~an e t  al. (1973). I , 
1 .  1 - 

.---- - . . - - - -.--A - - - - -- ---- - - -  , . 
, i  
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Table 2(a) 
---------.---- 

Orbi t a l  Parameters 

Astero id  

- 
1 Ceres 2.767 0.08 10.6 
2 Pa l l as  2.769 0.24 

2.670 0.26 
2.362 0.09 

2.426 0.20 
2.386 0.23 
2.202 0.16 

9 Met is  2.386 0.12 

10 Hygiea 
11Parthenope 2.453 0.10 
14 I rene  2.589 0.16 9.1 16.2 
15 Eunomia 2.642 0.19 

16 Psyche 2.920 0.14 
17 Thet is  2.469 0.14 
18 Melpomene 2.296 0.22 
19 Fortuna 2.442 0.16 

25 Phocaea 
27 Luterpe 
28 Be1 lona 2.776 0.15 9.4 13.2* 
30 Urania 2.365 0.13 

39 L a e t i t i a  2.769 0.11 
40 Harmonia 
48 Dor is  

2.366 0.07 51 Nemdusa 

52 Europa 3.092 0.11 
58 Concordia 2.699 0.04 
63 Ausonia 2.395 0.13 
79 Eurynome 

80 Sappho 2.296 0.20 
82 A1 kmene 2.763 0.22 

2.654 0.19 
2.768 0.16 

130 E lek t ra  3.111 0.21 22.9 5.0* 
139 Juewa 
140 Siwa 

2.665 0.21 141 Lumen 

145 Adeona 2.674 0.14 12.6 - - 163 Erigone 2.367 0.19 4.8 
166 Rhodope 2.686 0.21 12.0 - 
176 Iduna 3.168 0.18 22.7 - 
192 Nausi kaa 
194 Prokne 
210 I sabe l l a  
213 L i l a e a  

, . I .'i 
I ., 

,.-J -. 
i 

d C, 



A large f r a c t i o n  (2.40" ) 01' the i n t e r p r e t e d  soectra i n d i c a t e  surface n ~ a t e r i a l s  corn~osed 
.. , o f  an abundant ( s p e c t r a l l ~ )  opaqb? phase ( @ . , I . ,  carbon, carbonaceous conlpounds and/or maq- 

. $  , n e t l t e )  mixed w i t h  an F e  -Fe j t  s i l i c a t e  ( , * . . 7 . ,  low ten~perature hydrated s i l i c a t e  o r  s l a y  
minerals as found i n  the C1 and C2 mzteor i  t es ) .  A range o f  sub t l e  v a r i a t i o n s  o f  these 

i"'.: spectra i nd i ca tes  t h a t  a v a r i e t y  o f  thcse opaque-rich c l a y  mineral  asseniblages e h i s t  on 
. 2 ;  as te ro id  surfaces. 

, ' ) ! i  
! > .  b *  

8 '  
I .  & , , 

, -.: r . . . i :  .'...a i - 1  - , .- 

Table 2 (cont inued) 
------ - --- - - - - - -- - - -- - -- -- . - - - - - - -- - - - -- - ---- 

O r b i t a l  Parameters - ---- Albedo ( b j  Pmin ( c )  Diameter (b )  
( ,:> ) (:,) (km) 

----- --- --- - --- - -- - -  - . - - - - - . - -  - --- 

3.014 0.10 10.8 - - 
2.383 0.06 9.4 10.0 121 
2.682 0.34 11.2 3.2 1.45 246 
2.473 0.18 5.1 - 

349 Denlbows ka 2.925 0.09 8 . 3  26.0 0.35 144 
354 Eleonora 2.797 0.12 18.4 14.8 0 . : ,  153 

1.458 0.24 10.8 17.4 0 . , d  2 3 
2.872 0.09 3.2 

2.743 0.16 9.8 
2.686 0.24 9.8 
2.187 0.17 15.8 3.7 1.70 323 

532 Hercul i na 2.771 0.17 16.3 10.0 0.75 150 

3.9* 101* 
654 Ze 1 i nda 2.297 0.23 18.2 3 . 2 *  - 128* 

3.3 350 I 

I 

L 

1 

t e l y  a qua r te r  o f  the i n t e r p r e t e d  spectra inlply sur face ma te r i a l s  corirposed o f  
s (01 i v i ne ,  pyroxene) mixed w i t h  an opaque phase. These ma te r i a l s  a re  conlpa- 

b l e  t o  the  C3 and C4 carbonaceous c h o n d r i t i c  assen~blages. The m a j o r i t y  (2.15". o f  t o t a l )  o f  
a re  charac ter ized by a s i g n i f i c a n t  bu t  no t  overwhelrr!irg spec t ra l  c o n t r i b u t i o n  
phases. These assen~blages are  cor~~parable t o  the '01 i v i n e  + opaques' C3D 

and C3V m e t e o r i t i c  assemblages. About 10" o f  the t o t a l  ob jec ts  s tud ied apparent ly  1 
represent sirni l a r  s i l i c a t e s  (01 i v i n e )  w i t h  a s p e c t r a l l y  doniitiant opaque phase. Recent 1 
s tud ies  o f  Ceres by Lebofsky (1978) and Gaffey (1978) suqgest t h a t  ano~r~alous i ron- f ree  c l a y  

\ 
y e t  observed i n  meteor i tes,  may be an important  surface co~~~ponen t  o f  these # 

Most o f  the renlaining spectra (about a t h i r d  o f  the i n t e r p r e t e d  spect ra)  e x h i b i t  char-  I 

! I 

I !  . 
2.516 0.54 9.1 16.6 0.75 4 I 
1.078 0.83 23.0 16.6* 1 * 
1.368 0.44 9.4 12.4* 3 * I I . .  

( a )  From Gaffey and McCord (1978). : , !. 
diameters by the  rad ionwt r i c  technique as sunn~arized by Morrisor1 (1977b). r 
t cd  by an a s t e r i s k  are  regarded as o f  marginal c e r t a i n t y .  

anch o f  the phase-po lar iza t ion  curve (Pmin) as sunrnarized by 

- - - . . - - - - -. . - . -..-.. ~ . - - - .  . - - . .  -. 

a c t c r i s t i c s  o f  a s i g n i f i c a n t  spect ra l  c o n t r i b u t i o n  fro111 m e t a l l i c  i r o n  o r  n i c k e l - i r o n .  The 
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surface ma te r ia l s  o f  these as tero ids  appear t o  cons i s t  o f  assemblages of  Ni-Fe, e i t h e r  
alone o r  w i t h  a v a r i e t y  of s i l i c a t e s ,  i nc lud ing  metal o r  metal p lus  a t r a n s i t i o n  metal- 
free s i l i c a t e  (e .g . ,  e n s t a t i  t e  o r  f o r s t e r i  te) ,  metal p lus  o l i v i n e ,  metal p lus  pyroxene 
and metal p lus  o l i v i n e  p lus  pyroxene. The major1 t y  o f  these me ta l l i f e rous  ob jec ts  appear 
t o  have surface ma te r ia l s  w i t h  abundant (%25-75%) metal. The apparent metal abundances i n  
these surface mater ia ls  are  comparable t o  those i n  the s tony- i ron meteor! tes  and represent 
a s i g n i  f i cant enrichment over the cosmic abundance. 

The range o f  mineral  assemblages present on as te ro id  surfaces i s  ar! i n d i c a t i o n  o f  the 
range o f  processes t h a t  have acted on the as tero ids  and as te ro id  parent bodies. Most mod- 
e rn  cosmological models assume t h a t  the  s o l i d  bodies o f  t he  s o l a r  system accreted from 
gra ins  p r e c i p i t a t e d  by a coo l i ng  nebula o f  s o l a r  composit ion (e .g .  , Cameron, 1973; Cameron 
and Pine, 1973; Lewis, 1972). The sequence o f  condensation w i t h  decreasing temperature i n  : ! r  
a s o l a r  nebula has been discussed ex tens ive ly  (d.g. , Lar in~er ,  1967; Grossman, 1972; 
Grossman and Larimer, 1974). I n  a condensation sequence which does n o t  i nvo l ve  the l a rae  
sca le  removal o f  condensed matter  from contac t  and f u r t h e r  reac t i on  w i t h  the nebular gas 
(equ i l i b ra ted  o r  quas i -equ i l ib ra ted condensation model), tee  unmetamor?hosed c h o n d r i t i c  
me teo r i t i c  assemblages (Cl, C2, C3, LL 3-4, L 3-4, H 3-4, E 3-4) and the h igh  temperature 
calcium-aluminum inc lus ions  o f  the C-type meteor i tes ( r e g .  , A1 lende) can be fotmed by ac- 
c r e t i o n  o f  d i r e c t  condensation products. While the d e t a i l e d  sequence of  mineral  condensa- 
t i o n  and reac t i on  i s  a func t i on  o f  nebular pressure, a major f a c t o r  tm bear i n  mind i s  t h a t  
the ox ida t i on  o f  i r o n  (FeO) t o  Fe2+ begins t o  take place near 750°K, ir.el.1 below the temper- 
a ture  a t  which e s s e n t i a l l y  a l l  the s i l i c a t e  and metal ohases w i l l  have condensed. I n  these 
m a e l s ,  the  magnesium end members o f  the  01 i v i n e  and pyroxene mater ia ls  condense near 1300°K 
but  do no t  incorpora te  the Fe2+ cat ions u n t i  1 the nebula has cooled below 750°K. The sen- 
s i  t i v i  t y  o f  f i n a l  product mineralogy ( s .g .  , ~ e ' +  d i s t r i b u t i o n )  t o  nebular cond i t ions  and i I 

processes (t~.~. , i s o l a t e d  regions, gas-dust f rac t i ona t i on )  and t c  accre t ionary  and post-  
accre t ionary  processes, can prov ide a key t o  u t i  1 i zing w f i c  s i  1 i c a t e  mineralogy as a probe 
of  the  evo lu t ionary  h i s t o r y  o f  c e r t a i n  regions o f  the so la r  system. 

There i s  evidence from these remote sensing techniques f o r  th ree def inab le  as te ro id  
populations, w i t h  d i f f e r e n t  condensation, acc re t i on  o r  thermal h i s t o r i e s .  

1. The opaque + Fez+-Fe3+ assemblages ( spec t ra l  types TA, TB, TC, 
see Table 1 ) and t h e i r  meteor i te  analogues. C1 and C2 chondr i tes.  
accreted from mate r ia l  apparent ly condensed a t  low temperature 
(~400°K)  from the s o l a r  nebula. These ma te r ia l s  have experienced 
weak o r  minimal post-accret ionary thermal events. 

2. The opaque + mafic s i l i c a t e  assemblages (spect ra l  types TO, TE. F )  
and t h e i r  m e t e o r i t i c  analogues. the C3 and C4 chondri tes, accreted 
from nebblar condensate between 750°K and 350°K. The C4 meteor- 
i t l c  mater ia ls  ( type F as te ro ida l  surface n ia te r i a l s )  appear t o  
have experienced some post -accre t i  onary metamorphism. 

3. The me ta l - r i ch  d i f f e r e n t i a t e d  as te ro id  surface assemblage (and , , ,  

most o f  the  d i f f e r e n t i a t e d  meteor i tes)  accreted from mater ia l  
condensed below 750°K. and have experienced in tense heat ing 
events pe rm i t t i ng  magmatic d i f f e r e n t i a t i o n  t o  occur. 

OISTRIRUTION OF ASTEROID MATERIALS 
, . 

The d i s t r i b u t i o n  o f  the types o f  mineral  asseniblages w i t h  respect t o  o r b i t a l  elements 
o r  s i z e  o f  body can prov ide i n s i g h t  i n t o  the nature  o f  the as te ro id  f o r n ~ t i o n  and modi f ica- , \ 

t i o n  processes. Chapman ~ l t  a l .  (1975). Chapman (1976, 1977). and Ze l lner  and Bowel1 (1977) 
have drawn several conclusions based on these d i s t r i b u t i o n s  of  C -  and S-type as tero ids .  



The d i s t r i b u t i o n  o f  the minera log lc  groups w i t h  respect  t o  semimajor a x i s  i s  shown i n  
F igure  2. These assemblages can be grouped according t o  pos t -accre t ionary  t h e m !  h i s t o r y  
i n t o  two groups: ( a )  apparent ly  unmodified low temperature, sur face ~ n a t e r i a l s  (Types T A ,  
TB, TC = C 2 )  and i n t e w d l a t e  temperature surface ma te r i a l s  (Types TO, TE 3 C3), and 
(b) apparent ly  metamorphosed o r  d i f f e r e n t i a t e d  assemblages (Types RA, A, F ) .  The d i s t r i -  
b u t l o n  o f  these ma te r i a l s  w i t h  respect  t o  semimajor a x i s  1s shown i n  F igure  3. 
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Fig .  2. D i s t r i b u t i o n  o f  a s t e r o i d  surface ma te r i a l  groups as 
a f unc t i on  o f  the senlin~ajor ax i s  o f  t h e i r  o r b i t s  (uncorrected 
fo r  observat ional  b i a s )  f o r  the nlembers o f  each spect ra l  group 
discussed i n  the  t e x t  ( f rom Gaffey and McCord. 1978). I i 

1 '  

119 

-3 -- .r - - , - - . . - ..- -.. 
C .  



-- 
i . -  -. - . . 

, . 
I 

i 
t 

ORBITAL RESONANCES W I T H  J U P I T E R  
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7/2 311 8/3 5 / 2  7/3  9/4 ?/ 1 

ASSEMBLAGES 

'THERMALIZED' 
ASSEMBL4GES 

2 . 2  ? ,  4 2.6 ?. 8 5 , 1) 

i J R B I  TilL SEFl i  -'l4JOR A X 1  S ( A U )  
# 

F i g .  3. D i s t r i b u t i o n  o f  a s t e r o i d  s u r f a c e  m a t e r i a l  qrouDs as a  f u n c t i o n  o f  the  semi- 
' I  

1 ,  
major  a x i s  o f  t h e i r  o r b i t s  ( u n c o r r e c t e d  f o r  observd t i o n a l  b i a s )  f o r  grouos w i t h  
d i v e r s e  thermal  h i s r o r i e s  ( P r i m i  t i b e  - a p p a r e n t l y  u n a l t e r e d  by any p o s t - a c c r e t i o n -  
d r y  h e a t i n g  even ts  - TA-TB-TC. T D - T E  and Ther111al i z e d  - a p p a r e n t l y  heated and m o d i f i e d  
o r  me l ted  and d i f f e r e n t i a t e d  by some s t r o n g  p o s t - a c c r e t i o n a r y  h e a t i n a  ep isode)  a r d  
t h e  d i s t r i b u t i o n  3 f  t h e  f i r s t  400 numbered a s t e r o i d s  (as a  h i s t n g r a n ~  p e r  11.02 A U )  
( f rom Gaffey and McCord. 1978). 

These d i s t r i b u t i o n s  have n o t  been c o r r e c t e d  f o r  o b s e r v a t i o n a l  b i a s ,  wh ich  f a v o r s  
b r i g h t e r  o b j e c t s  o v e r  d a r k e r  o b j e c t s :  t h a t  i s ,  o b j e c t s  w i t h  h i g h  a lbedos a r e  f a v o r e d  o v e r  
those w i t h  low a lbedos o r  o b j e c t s  w i t h  s r ~ ~ a l l  s e r i ~ i ~ l ~ a j o r  axes a r e  favored  o v e r  those w i t h  
l a r g e .  Thus, f o r  exanlple. t h e  number o f  TA-TU-TC o b j e c t s  s i ~ o u l d  be m u l t i p l i e d  by sonle fac- 

I 

t o r  dependinq on s i z e  and s e n ~ i n ~ a j o r  a x i s  t o  colr~pensate f o r  t h e i r  low a lbedos.  Ze1:ner and 
Bowel1 (1977) have d iscussed  t h i s  b i a s  c o r r e c t i o n  process i n  d e t a i l .  

These d i s t r i b u t i o n s  v e r i f y  t h e  i n c r e a s e  i n  r e l a t i v e  abundance o f  t h e  low te lnperature 
assemblages w i t h  i n c r e a s i n g  d i s t a n c e  f rom t h e  Sun r e p o r t e d  by Chaplrlan t.t , z ? .  (1975) .  b u t  
they a l s o  show t h a t  i n s i d e  about  3.0  AU, a l l  types q e n r t - a l l y  can be Found i n  a  r e g i o n .  The 
p a r t i c u l a r  c o n c e n t r a t i o n  o f  t h e  metd l  p l u s  o r t h o p y  i e n e  assen~blage c o n t ~ i n e d  i n  s p e c t r a  
t y p e  hn-2 i n s ~ d e  2.5  AU i s  a  d i s t r i b u t i o n  which sb ' d  he cons idered  i n  l i g h t  o f  rr~odels \ 

f o r  d i  f c ? r e n t i a t i n g  these o b j e c t s .  

i h e  d i s t r i b u t i o n  o f  s u r f a c e  n ~ i n e r a l o g i e s  w i t h  r e s p e c t  t o  t h e  s i z e  o f  t h e  bod ies  i s  o f  
i n t e r e s t  ( F i g u r e  4 ) .  Two s i g n i f i c a n t  f a c t o r s  shou ld  be noted.  F i r s t ,  t h e  l a r g e s t  s i z e d  

1 - 
, , 

I 
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ob jec t  o f  the TO and TE (rC3) groups i s  s i g n i f i c a n t l y  smal le r  than t h a t  of  tne TA-TB-TC 
( 3 2 )  group. This would tend t o  SupDOrt the concept t h a t  the  C3-type I f la ter ia l  was i so la ted  
i n  the i n t e r i o r s  o f  bodies w i t h  C2- type surfaces ( i  nhomgeneous accre t ion) .  Second. the 
l a rges t  s ized body among ' t h e r m l i z e d '  ob jec ts  (RA. A. F )  i s  s i g n i f i c a n t l y  l a r g e r  than t h a t  
o f  the  'unthermalized' o r  ' p r i m i t i v e '  ob jec ts  (:A-TB-TC. TD. TE). This would imply t h a t  
the s i z e  o f  the  parent body may have an i n f l l e n c e  over post-accret ionary heat ing.  The cut -  
o f f  i n  s i z e  below which heat ing d i d  not  take place appears t o  be appmximately 300-500 km. 
Observational b ias  co r rec t i on  should enhance t h i s  discrepancy. 

The C2- l ike  surface mater ia ls  which domi!~ate the main as te ro id  b e l t  popu la t ion  appear 
t o  be r e l a t i v e l y  r a r e  on the Earth-cross ing  and Earth-approachi ng as tero ids  (Apol l o  and Amor 
ob jec ts ) .  Spectral re f lec tance curves have btxen i n te rp re ted  f o r  two Amor as tero ids  
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(433 Eros % H5-6 o r  L5-6 assemblage; Pfe ters  e t  o t .  1976 and 887 A l inda % C3 assemblage) 
and fo r  one Apcl l o  as te ro id  (1685 Toro q. L o ( ? ) ;  Chapman e t  a l .  , 1973). Gehrels s t  at. 
(1970) u t i  1 i zed  several i n d i r e c t  methods t o  def ine a wavelength dependent br ightness curve 
f o r  t he  Earth-crossing as te ro id  1566 Icarus which ind ica ted the presence o f  an absorp t ion  
feature i n  the reg ion of 1 um (pyroxene?). Ze l l ne r  e t  at. (1975) provided the UBV co lo rs  
fo r  two add i t i ona l  ob jec ts  (1620 Geographos and 1864 Daedalus), both Type S. 7 l l n e r  and 
Bowel1 (1977) i n d i c a t e  t h a t  of  about 12 Apo l lo  o r  Amor objects,  one !s o f  T jse  ". While 
some have reservat ions w i t h  regard t o  the m e t e o r i t i c  s p e c i f i c i t y  o t  a le CSM c l a s s i  - i c a t i o n  
system, one can view C and S as approximately 'C2' and 'not-C2.' 

I t  i s  ev ident  t h a t  t he  dominant C2-type assemblages of the main b e l t  a re  u n d e r - r e ~ r e -  
sented among the  Apo l lo  and Amor ob jec ts  by about two orders of magnitude (%l /10 instead o f  
0 .  ?h is  discrepancy impl ies  t h a t  the  Apol l o  3nd Amor as tero ids  are  no t  randomly de- 
r i v e d  from the popu la t ion  o f  the main b e l t .  I f  t h i s  popu la t ion  anomaly i s  no t  a recent o r  
temporary event, then the source reg ion which replenishes t h i s  i n n l r  s o l a r  system popula- 
t i o n  must be both  r e s t r i c t e d  and s t rong ly  depleted i n  C2-type a s t e i o i d a l  ma te r ia l s .  This 
suggests t h a t  these as tero ids  may be der ived from the innermost po r t i ons  o f  the b e l t ,  per-  
haps i n s i d e  2.0 AU. Wether i l l  (1977) has suggested t h a t  ob jec ts  formed c lose r  i n  t o  the 
Sun (e..q., o rd inary  chondr i t i c  assemblages) may have been s tored a t  thc! inner  edge o f  the 
b e l t  and nlay represent the source of  these ob jec ts .  The cometary hyoothesis (Opik, 1963, 
1966; Wetheri 11 and Wil l iams, 1968) f o r  t he  o r i g i n  of t he  A ~ o l l o  and Amor as tero ids  cannot 
be r u l e d  L J ~  on the  basis of  the  a v a i l a b l e  spect ra l  data. Chapman (1977) reaches s i m i l a r  
conclusions w i t h  respect t o  the o r i g i n  o f  these as tero ids .  
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ARNOLD: I s  i t  co r rec t  t h a t  no two o f  the spectra i n  Figure 1  are  i d e n t i c a l ?  I f  so, then 
I suggest again there  i s  great  v a r i e t y  anlong as te ro id  surfaceb. 

McCORD: That i s  r i g h t .  I t  i s  f e l t  t h a t  each one i n  t h i s  sample i s  s i q n i f i c a n t l y  d i f f e r e n t  
and reveals some d i f f e rence  i n  the ;urface ma te r ia l .  

MATSON: Your expectat ion o f  a continuum o f  p rope r t i es  seems t o  be u n l i k e  tt e  clear d i v i -  
sions seen i n  some o the r  parameters, l i k e  albedo. 

McCORD: I n  pa r t ,  you are  r i g h t .  ;here won ' t  be a  continuum between a l l  of  the  var ious 
dimensions. 

MORRISON: When you lump the as tero ids  together i n t o  t h e r m l i z e d  and unthermalfzed groups, 
b u t  w i thout  co r rec t i ng  f o r  observat ional  b ias,  I don ' t  t h ink  t h i s  r e a l l y  adds much 
in format ion.  One might as we l l  use the b ias-cor rec ted C and S data t h a t  Ze l l ne r  re-  
ported here. 

CHAPMAN: Not true, because i t  turns  ou t  there  are both thermalized and imthermalized i n -  
t e rp re ta t i ons  w i t h i n  the  S c l a s s i f i c a t i o n .  I n  o ther  words, a1 thaugh there  i s  a  general 
assoc ia t ion  between the McCord!Gaffey groups and the C and S c :ass i f i ca t ions,  t h e i r  
i n d i v i d u a l  spectra have been i n t e r p r e t e d  i n  such a  way t h a t  the  C and S are betero- 
genmus w i t h  respect  t o  thermal evo lu t ion .  

McCORD: That daesn' t  mean the C and S c l a s s i f i c a t i o n  i s  useless. I n  i nd i v idua l  cases i t  
cou ld  l e a f  you widely astray,  but  as a  s t a t i s t i c a l  t o o l  probably not .  

ARNOLD: I note t h a t  you re in fo rced  the conclusion der ived by c the r  workers t h a t  t he rs  a.e 
no c lose analogs o f  an ord inary  chondr i te  i n  t h i s  group. I a lso  note tha -  the Lnes 
which :lave C3 as the c loses t  m e t e o r i t i c  analogs arc Ss, and I wondered if you would 
conreqt on t h d t ?  

McCORD: Well. t h a t  i s  q u i t e  poss ib le  because C3 i s  a modif ied .netamorphosed ma te r ia l  t h a t  
can have a spect ra l  continuum which would g i ve  ~ o u  an S c l a s s i f i c a t i o n  when you look 
a t  i t  using UBV photometry. 

ARNOLD: Do you take a1 bedo i n t o  account? A labora tory  s c i e n t i s t  knows t h a t  C3s a re  dark 
ob jec ts ,  bu t  not  as dark as C2s. 

I.lcCORD: That i s  taken i n t o  considerat ion.  I n  fact ,  sometimes a1 bedo i s  necessary i n  order  
t o  resolve ambigui t ies.  

CHAPMAN: The TE c lass  t h a t  you associated w i t h  C3s f a l l s  i n  the S c lass  def ined by Bowel1 
e t  a l .  I don ' t  t h i n k  the TE sy t r ' ra  d i f f e r  s u b s t a n t i a l l y  from uther; which you ' :ve 
assigned t o  o ther  c l a s s i f i c a t i o n , ,  and secondlv. the albedo of  those TEs i s  0.13, 
which i s  p r e t t y  b r i g h t  co~npared t o  C3 meteor i tes.  



McCORO: These TEs may be too b r i g h t ;  i n  any i nd i v idua l  c l a s s i f i c a t i o n  e r ro rs  are  possible.  
But I would l i k e  t o  emphasize t h a t  the  c l a s s i f i c a t i o n s  are r;ot capr ic ious and should 
not  be judged according t o  a  s ing le  parameter. One has t o  spend a  great  deal of t ime 
working w i t h  both the as te ro id  spectra and the labora tory  spectra before one begins t o  
get  a  f e e l i n g  f o r  which di f ferences are important and which are no:. 

WETHERILL: There i s  a  feature  a t  0.65 pm. I t  appears i n  what others c a l l  an S-type as ter -  
aid; i t  does not  appear i n  an ord inary  chondr i te,  nor does i t  appear i n  any actual  
meteorites. So i n  regard t o  comparing meteor i tes w i t h  as tero ids ,  I t h i n k  i t  i s  worth- 
wh i le  t o  place s i m i l a r  emphasis on the th ings t h a t  d o n ' t  agree as we l l  as the th ings 
t h a t  do agree. 

HcCORD: That feature  i s  no t  w e l l  understood. I th i t i k  i t  i s  rea l  and t h a t  i t  means some- 
th ing.  We are going t o  have t o  go t o  the  labora tory  and work on t h a t .  A t  the very 
b e g i n n i ~ g  i t  was f e l t  i t  might be spurious, a  problem w i t h  cornoarison o f  standard 
s tars ,  bu t  t he  c a l i b r a t i o n s  have been checked. It i s  no t  as thouc,h the feature  i s  un i -  
f ~ t m l y  .lere. It i s  no t  there  i n  some. i t  i s  there  weakly i n  others,  s t rong ly  i n  s t i l l  
others. That ind ica tes  i t  i s  rea l .  

GROSSMAN: When you look a t  the  broken surfaces o f  C1 and C2 meteor i tes i n  the labora tory ,  the 
human eye can c e r t a i n l y  see the d i f fe rence.  I ' m  puzzled as t o  why the TA-type spectrum 

CHAPMAN: There are on ly  three C1 samples ava i lab le ,  and they are no t  i n  p r i s t i n e  o p t i c a l  
cond i t ion .  The problem i s  t h 6 t  no one has had be l ievab le  samples o f  a  C1 t o  measure 
i n  the laboratory.  

the spectrum b e t t e r  w i t h  higher s ignal- to-noise,  w i t h  l a r g e r  spect ra l  range, and w i t h  
higher spect ra l  reso lu t ion .  It shauld be done fo r  as tero ids  which have s t rong spect ra l  
features. Then one has t o  have ava i l ab le  labora tory  and t h ~ o r e t i c a l  mater ia l  t h a t  
a l lows one t o  i n - e r p r e t  the  features. For example, we need data on co ld  hydrated 
mater ia ls,  mater ia ls  we r e a l l y  d o n ' t  know very much about. We a re  s e t t i n g  up t o  do 
tha t  now. The emphasis o f  the  work now t h a t  t h i s  survey i s  concluded i s  t o  do b e t t e r  
i n te rp re ta t i ons  f o r  some s p e c i f i c  main b e l t  ob jec ts  as w e l l  as f o r  the Earth-apprwach- 
i ng  objects.  
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In f ra red  observations o f  asteroids have made possible key steps 
i n  our understanding o f  asteroids. The 1 i s  t o f  accomplishments 
includes: diameters, a1 bedos, surface morphology and surface 
composition. Current top ics o f  i n t e res t  include the presence 
o f  water o f  hydrat ion on Ceres, the presence of mixtures of 
s i l i c a t e  and meta l l i c  phases, and the s ta te  o f  development of 
astero ich l  rego l i ths  which range from rocky (1580 Be tu l ia )  t o  
1 unar- 1 i ke (e. g. , Ceres , Ves ta ) . We review these accompl i s  h- 
ments c r i t i c a l l y  and assess the advantages which can be ob- 
tained by performing i n f r a red  observations from Earth o r b i t  and 
f r o m  in terp lanetary  spacecraft. 

REFLECTED RADIATION 

be t t e r  and t o  devise more 

The need f o r  astero id  photometry a t  wavelengths longer than 1 urn was f i r s t  recognized 
as a r e s u l t  o f  laboratory invest igat ions i n t o  the bulk ref lectance propert ies o f  meteori te 
samples (Johnson and Fanale, 1973; Chapman and Salisbury, 1973; Gaffey, 1974, 1976). These 
works showed t ha t  meteorites as a group exhib i ted a large range i n  i n f r a red  ref lectance. 
This should a lso be t rue  f o r  asteroids w i t h  rneteori te-type composi t ions.  Furthermore, i t  
was argued t ha t  high spectral  reso lu t ion would not be essent ia l  because f o r  many meteorites 
the i n f r a red  reflectances ( pa r t i cu l a r l y  those f o r  the carbonaceous chondrites and the i rons)  
do not vary sharply w i th  wavelength i n  the 1 t o  3 urn in te rva l .  But, even when bands 
( a r i s i ng  from sol  i d  s ta te  t rans i t i ons  i n  minerals) were present, the features were observed 
to  be t y p i c a l l y  0.5 urn o r  more i n  width. Therefore, ex i s t i ng  astronomical in f rared band- 
passes and, more important, ex i s t i ng  systems o f  standard s ta rs  are su i tab le  for  astero id  
photometry. 



" b 

The f i r s t  as te ro id  study w i t h  t h i s  technique was c a r r i t d  out  by Johnson r t  q1 (1975) 
who observed Ceres, Pa l l as  and Vesta. They were ab le  t o  use publ ished V bandpat,s p'batom- 
e t r y  f o r  these as tero ids  t o  de r i ve  the  as te ro ida l  re f lec tances a t  1.25, 1.65 and 2 2 m. 
However, they noted t h a t  simultaneous v i sua l  wavelength photometry would be necessar~ f o r  
m y  o ther  as tero ids  observed by t h i s  technique because of  the l a rge  u n c e r t a i n t i c s  i n  ~ t l e  I 
instantaneous apparent v i sua l  magnitude due t o  (1 )  l i gh tcu rve ,  (2 )  aspect, ac: ( 3 1  pha:e ! 
e f fec ts .  Chapman and Morr ison (1976) and Leake a t  a l .  (1978, have repor ted J, t i ,  ~ n d  Y 
photometry f o r  433 Eros and about a dozen o the r  as tero ids .  Veeder e t  a ? .  (1976. 19 7, 
1978) have observed 30 astero ids  a t  0.56, 1 . G  and 2.2 pnl and der ived the r e l a t i v o  i n f r a r e d  \ 
ref lectances f c r  these ob jec ts .  Lebofsky (1977) has extended t h i s  technique t o  3.45 pm I 

f o r  Ceres. 
b 

Photometry and spectroscopy are  complementary techniques. For example, over the l a s t  , 
several years the s e n s i t i v i t y  o f  i n f r a r e d  astronomical in ter ferometers  has increased dramat- , , 

i c a l l y .  Such an instrument has been app l ied  t o  the as tero ids  and h igh reso lu t i o r l  sq,ectra i ' :  r ~ f  4 Vesta, 433 Eros. and 1 Ceres are now ava i l ab le  (Larson and Fink, 1975; Larson c t  a t . ,  6 .  

1976; Feierberg s t  at . ,  1977). These spectra a1 low prec ise  band centers t o  be determined 1 ,  and as such are  very important  f o r  composit ional i d e n t i f i c a t i o n s .  Based on the s t a t i s t i c s  , 
o f  a s t e r o i d  types (Chapman e t  a l . ,  1975; Z e l l n e r  and Bowell, 1977). we est imate t h a t  more 1 3  > 
than 80% of the as tero ids  w i l l  e x h i b i t  i n f r a r e d  spect ra l  re f lec tances which are e s s e n t i a l l y  i t  .' 
l i n e a r .  I n  these cases the main task i s  t o  determine the s lope o f  the spectrum by photom- 
e t r y .  The remaining as tero ids ,  espec ia l l y  if they have apparent bands o r  p e c u l i a r i t i e s  i n  
t h e i r  photometry o r  spectrophotometry, become prime candidates f o r  h iqh  r e s o l u t i o n  i n f ra red  
spect ra l  i nves t i ga t i ons .  I : 

The purpose of  t h i s  sec t i on  o f  t h i s  paper i s  t o  assess the s t a t e  o f  a s t e r o i d  i n f r d r e d  
re f lec tance measurements and the advantages o f f e r e d  by Ear th  o r b i t  and spacecraft observa- 1 :  
t ions .  The second sect ion  deals w i t h  thermal r a d i a t i o n  enri t t e d  by the as tero ids  and the 
t h i r d  sect ion  discusses fu tu re  observations o f  as tero ids  from space. 

In f m c d  Photometry ' I : I  : 
t 

The a v a i l a b l e  i n f r a r e d  re f l ec tance  data f o r  as terc ids  have been drawn together i n  I .  
Tables 1 and 2. The on ly  publ ished ref lectances a t  1.25 uni are those o r  Johnson e t  J Z .  I ,  

(1975). However, magnitudes publ ished by Chapman and Morr ison (1976). Leake **t: 0 2 .  (1978). 
and Lebofsky (1978) are  used here together w i t h  the observations o f  the same asteroi.15 by 
Veeder e t  uL. (1976, 1977, 1978) and s o l a r  data from Jo.~nson c t  ol. (1975) to  compute , I  

1.25 ~m re f lec tances.  The method by which t h i s  was done i s  described i n  footnote 3 o f  
I: 1 '  :\ 

Table 1. 

F igcre  1 shows the i n f r a r e d  r e s u l t s  f o r  th ree a r t e r o i d s  and the 0.3-1.1 urn spectro-  s 

photometry publ ished by ihapnk-n < ~ t  a l .  (1973). Vesta has a r e l a t i v e l y  h igh  i n f ra red  re -  , .  
f lectance, wh i l e  the i n f r a r e d  re f l ec tanc  s o f  Ceres and Pa l las  a re  d i s t i n c t l y  f l a t  o r  low. 
A hicl'. i n f r a r e d  re f i ec tance  compared w i t h  t h a t  a t  0.55 iim i s  t v n i c a l  o f  many s i l i c a t e  min- 
e ra l s  ,~nd rocks (Hunt and Sal isbury,  1970) and most ! : le teor i t i c  t r la ter ia ls  (Chapman and 
Sal isbury,  1973; Gaffey, 1974, 1976). On the o the r  h3nd, f l a t  i n f r a r e d  curves such as 
those o f  Ceres and Pa l las  are unusual f o r  o rd ina ry  t e r r e s t r i a l  rocks, bu t  are  apparent ly 
conmon i n  the as te ro id  be1 t. Johnson and Fanale (1973) found tha t  some carbonaceous chon- 
d r i t e s  and labora tory  mixtures o f  carbon black and s i l i c a t e s  have f l a t  spect ra l  r e f l r c -  
tances as we l l  as low albedos. The scaled re f lec tance p l o t  (F igure  1)  a l lows d i r e c t  corn- 

1 

par'son w i t h  spect ra l  features o f  meteor i tes w i thou t  confusion from s l i g h t  o v e r a l l  a1 bedo 
di f ferences due t o  labora tory  methods, g r a i n  s ize ,  o r  sample packing c h a r a c t e r i s t i c s .  1 \a 

Care must be taken, o f  course, t o  compare mater ia ls  w i t h  genera l ly  s i m i l a r  albedos; f o r  
example, pure e n s t a t i t e  and carbon black have s i m i l a r  v i sua l  re f l ec tance  spectra b u t  
q r e a t l y  d i f f e r e n t  albedos. I . . .  I I,-! . :  ' \  '* 
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Table 2. Observations of Ceres by Lebofsky (1978) 

Ref lectance R A  
- -  

Wave1 ength Hagni tudes Model L imi  t s 2  
Nominal1 o, 

'"A 
X 

0- x Upper Lower 

1.25 ( J )  6.41 0.02 0.98 0.02 0.98 0.98 
2.22 (K: 5.89 0.01 1.07 0.01 1.07 1.07 
3.03 6.23 0.05 0.75 0.04 0.75 0.74 
3.12 6.19 0.02 0.77 0.02 0.76 0.75 
3.43 5.77 0.02 1.12 0.02 1.06 0.97 
3.45 ( L ' )  5.74 0.01 1.16 0.01 1.08 0.98 

'scaled t o  1.0 a t  V (Johnson e t  at., 1975). Before thermal f l u x  removed. 
2Thermal f l u x  removed. The upper and lower l i m i t s  are  due t o  the uncer- 
t a i n t y  i n  the  removal of  the  thermal f lux.  

Fig. 1. Normalized spec t ra l  re f lec tances 
f o r  1 Ceres, 2 Pa l las ,  and 4 Vesta, com- 
pared w i t h  labora tory  data fo r  several  
meteor i tes.  The 0.03-1 - 1  pm as te ro id  
data are those of  Chapman e t  a l .  (1973). 
Meteor i te curves are  from Johnson and 
Fanale (1973). Chapman and Sa l isbury  
(1973), and Gaffey (1974, 1976). The 
bars near the top i n d i c a t e  the f u l l  w id th  
a t  half-minimum of the  i n f ra red  bandpasses. 
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I n f ra red  re f l ec tance  data are qu i  t e  useful  f o r  a s t e r o i d  c lass1 f i c a t l o n ;  of. , Matson 
s t  at.  (1977a). This can be shown i n  one way by p l o t t i n g  the v i sua l  geometric albedo ver- 
sus R (2.:  urn) as i n  F igu re  2 .  On t h i s  p l o t  the  C as tero ids  are  c l e a r l y  separated from 
the Ofhers. The c l u s t e r  o f  po!ais t o  the  r i g h t  conta ins  n o t  on l y  S b u t  a l s o  the H a s t c r -  
o lds  16 Psyche and 22 K a l l  lope, Several p e c u l i a r  as te ro ids  stand o u t  on t h i s  p l o t .  
4 Vestd i s  the bes t  understood i n  t h a t  i t  i s  known t o  have a basal t i c  surface.  E a s t e r o i d  
44 Nysa has a very h igh  albedo, perhaps i n  excess o f  0 .3  o r  0.4 (Ze l l ne r ,  1975; Morrison, 
1977a,c). b u t  has an R A ( 2 . 2  um) otherwise c h a r a c t e r i s t i c  o f  C as te ro ids .  Ze l l ne r  (1975) 
and Ze l l ne r  e t  (11. ( 1 9 7 7 ~ )  have suggested t h a t  Nysa i s  o f  an e n s t a t i  te-achondri t e - l i k e  
composi t i o n .  ? Pal l a s  and 51 Nenuusa represent the extremes o f  low albeC,~ as tero ids  ob- 
served i n  the i n f ra red .  The data o f  F ~!;ure ? suggest t h a t  we a re  seeins e i t h e r  a sur face 
composit ional o r  a surface morphological sequence w i t h i n  both the  C and S c!asses. 

1 1 1 1 1 1 1 1 1 1 

ASTEROID wa '- A . C - 
0 349 

0 S 0 4  
0 OTHER 

- 
0129 .a33 

0 6  B 0 7  
014 0192 

d 
0 3 
0 5  0 8  

o ~ M  
8 

270 22m43 
9 8 4 0  

p6 0230 0 12 

1. *51 

10 a19 a511 

1 1 I I up--- ' L .  

0.9 1.0 1 . 1  1 . 2  1 . 3  1 4  1 l . b  1 ;  1 . d  

R X  i2.2pm) 

Ffq .  2. Geometric alhedo b s .  r e l a t i v e  reflectance a t  ? . ; I  tlm. Thp nlhedos 
were determined hy the r a d i d r ~ w t r i c  n ~ t h o d  and arc from Morr ison (1974, 
1977a). and W r r i s o n  and Chapman (1976). Typ ica l  e r r o r  bars lrs t i n i a t rd  
r e l a t i v e  e r r o r )  a re  Ind ica ted.  The d s t c ~ i d  types art1 dc f i ncd  by Chapman 
g t  n l .  (1975). Use o f  rad iome t r i c  ,~lbedos from Hanscn ( lo76a. 19771 o r  
p o l a r i m e t r i c  alhedos from :el l n e r  and Gradit! (1976) would a l so  r e s u l t  i n  
a s i m i l a r  dingram. 

Froni an inspect ion  o f  l ~ h l e  1 i t  i s  ohvious t h a t  ns tero ias  t h a t  have l a rqe  vdlues o f  
R ~ ( 1 . 6  ~lm) a l s o  have h igh  value< o f  R\(?.: Llm!. This i s  i l l u s t r a t e d  by p l o t t i n g  the two 
re f lec tances i n  Flguve 3. Once again the C and S oh jec ts  arc separated. The meteor i tes,  
which a re  na tu ra l  samples frcnl space, p rov ide  a l o g i c a l  se t  o f  oh jec t s  f o r  comparison w i  t h  
the  te lescop l ca l  l y  observed as tero ids .  Using :.he labora tory  data o f  Gaffey (1974, lQ76)  we 
p l o t  the r e l a t i v e  i n f r a r e d  re f lec tances o f  me tea r i l e  samples i n  F iqure  3. 
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Fig.  3. Comparison o f  a s t e r o i d  and meteor i te  data on a c o l o r  
p l o t :  Rx(2.2 um) versus R x ( l  .6 um). The a s t e r o i d  data are  
from Veeder e t  at .  (1978). The meteor i te  data are from 
Gaffey (1974, 1976). While the meteor i tes p l o t t e d  here are 
u n l i k e l y  t o  be fragments from any o f  t he  as tero ids  shown, 
they do prov ide 8 s e t  o f  na tu ra l  composi t i  onal hypotheses. 
For example, t he  reddest as tero ids  f a l l  among the  data fo r  
i r o n  and mesosideri t e  meteor i tes.  I t  now appears t h a t  t h e  
known space weathering processes do n o t  operate s i g n i f i c a n t l y  
t o  redden as tero ids .  Thus, the presence o f  a metal1 i c  phase 
i s  s t rong ly  suggested (Matson e t  a l . ,  1977b). As one can see 
i n  the above p l o t ,  several composit ional hypotheses appear 
ab le  t o  exp la in  the  1.6 and 2.2 pm i n f r a r e d  re f l ec tance  data. 
Fur ther  o p t i c a l  t e s t s  w i l l  he lp  t o  d i s t i n g u i s h  between them, 
o r  perhaps h i  11 p o i n t  t o  a c lose l y  r e l a t e d  composit ion n o t  
c u r r e n t l y  represented i n  the  meteor i te  sample. This has a l -  
ready proved t o  be the  case f o r  Vesta. 

The meteor i te  data more than span the  range o f  t he  a s t e r o i d  data. There are  carbona- 
ceous chondr i tes which are as low i n  i n f r a r e d  re f lec tance as 2 Pa l l as  and +here are  i rons  
and mesosiderites which exceed the  redness of  t he  reddest known astero ids .  Note t h a t  a l l  
of t he  meteor i tes which are  as red  as the reddest as tero ids  have a s i g n i f i c a n t  m e t a l l i c  
phase. However, when F igure  3 i s  considered i n  de ta i  1 i t  remains obvious t h a t  there  a re  

- j X L L i  .-i. i l lL_l..J- -1. l_ 1 -.--.- 



been observed te lescop ica l l y .  The 01 l v i n e -  achondri tes  prov ide a case i n  po in t .  

I t  may be s i g n i f i c a n t  t h a t  the  carbonaceous chondr i tes do n o t  exac t l y  co inc ide w i t h  
the C as tero ids .  The C as tero ids  tend t o  be redder, having a higher re f l ec tance  a t  2.2 urn 
r e l a t i v e  t o  t h e i r  1.6 um re f lec tance than the corresponding meteor i tes.  This e f fec t  cannot 
be e a s i l y  explained by reddening the re f lec tance curve due t o  p a r t i c l e  o r  g r a i n  s i ze  e f fec ts .  
Johnson and Fanale (1973) measured meteor i te  re f lec tances as a func t i on  o f  g r a i n  s ize .  Ex- 
amination o f  t h e i r  data f o r  the C2 meteor i te  Mighei, f o r  example, shows t h a t  t h i s  type o f  
reddening would move the p l o t t e d  meteori t e  data along the t rend  o f  the meteor i te  data a l -  
ready p l o t t e d  i n  Figure 3 and not  perpendicular  t o  i t .  There i s  a l so  the p o s s i b i l i t y  t h a t  
the meteor i te  spectra have been a f f e c t e d  Somewhat by Earth weathering (Gaffey, 1976). Of  
course, the  sample o f  meteor i te  data i s  n o t  complete. Furthermore, there are  cases of  
samples of  the  same meteor i te  being cznsiderably d i f f e r e n t .  The C1 n le teor i te  Orguei l  p rb  
vides such an example. The e f f e c t  o f  phase on R A ( ~  .6 um) and R i ( 2 . 2  urn) has been i n v e s t i -  
gated by Veeder e t  a l .  (1978). They f i n d  no s i g n i f i c a n t  v a r i a t i o n .  This l e d  them t o  the 
conclusion t h a t  the 1.6 and 2.2 urn phase c o e f f i c i e n t s  are  s i m i l a r  i n  magnitude t o  t h a t  i n  
the v i sua l .  Color dependent photometry c a l i b r a t i o n ,  o r  the H-K s o l a r  co lor ,  might be i n  
e r r o r  by 0.1 magnitude and cause the L astero ids  no t  t o  co inc ide w i t h  the carbonaceous chon- 
d r i t e s ,  bu t  we do no t  t h ink  t h a t  t h i s  i s  a very l i k e l y  p o s s i b i l i t y .  Ze l l ne r  o t  a l .  (1975) 
have a l so  no t i ced  a s i m i l a r  e f f e c t  i n  the UBU data. Thus, we are no t  y e t  ab le  t o  d e t a i l  the 
nature  o f  the  d i f fe rences i n  terms o f  e i t h e r  col i lposit ion o r  morphology, a l though the general 
agreement i n  albedo and shape o f  the re f l ec tance  spectrum between C as tero ids  and csrbona- 
ceous meteor i tes remains evidence t h a t  they are compos i t iona l ly  s i m i l a r .  

Space weathering o r  the a1 t e r a t i o n  o f  surface o p t i c a l  p rope r t i es  on a planetary o b j e c t  
I as a r e s u l t  o f  exposure t o  the space environment has been a source o f  concern ever s ince i t  

was r e a l i z e d  tha t  the lunar  s o i l s  are d i f f e r e n t  from the o p t i c a l  p rope r t i es  of  rocks o r  rock 
powders. The e f f e c t  o f  maturat ion on the  o p t i c a l  p rope r t i es  o f  l una r  s o i l s  i s  a systemat ic 1 darkening and "reddening." o r  steepening o f  the re f l ec tance  spectrum cuntinuua. A t  the op- 
t i c a l  l y  "young" stage are  the f resh  c r y s t a l l i n e  rocks and powders, as seen i n  the labora tory  1 and i n  the r ims of fresh, young c ra te rs  on the Moon. These rocks e x h i b i t  h igh  albedos and 
re f l ec tance  spectra which are  t y p i c a l l y  f l a t  and have one o r  more e l e c t r o n i c  absorpt ion 
band; (see Adams and McCord, 1971 ) .  A t  the o p t i c a l l y  "mature" end o f  the  scale are  the mare 
s o i l s  having low albedos and very r e d  re f l ec tance  spectra w i thou t  s t rong bands. 

The o p t i c a l  matura t ion  o f  as te ro id  r e g o l i t h s  has been s tud ied by Matson ct ( 1 2 .  (1977bj 1 and compared w i t h  the lunar  example. They found: (1)  t h a t  space weathering has n o t  s i g n i f i -  
1 c an t l y  a1 tered as te ro id  o p t i c a l  p roper t ies ;  ( 2 )  t ha t  the  most probable reasons f o r  t h i s  f a c t  
, r e l a t e  t o  the lack  o f  o p t i c a l l y  mature impact r e g o l i t h s  on low g r a v i t y  ob jec ts ;  and ( 3 )  t h a t  

w i t h i n  t h i s  contex t  comparisons o f  as te ro id  spectra w i t h  powdered (but  "unweathered") meteor- 
i t e  and o ther  rock samples are v a l i d .  . .> 

Recently a search f o r  absorpt ion bands due t o  H,O on as te ro id  surfaces has been i n i -  
t i a t e d  by Lebofsky ( l t . ? i 7 ,  1978). I n  the 3-4 vnt wavelengtli region o f  Ceres' spectrunl he ' t 

found evidence f o r  the pressnce o f  water o f  hydra t ion  (see Table 2 and F igure  4 ) .  This 
spect ra l  feature was confirnwd suhsequently by Feierberg ~ . t  ' 1 7 .  (1977). I n  Figure 4 the 
r e s u l t s  have been rescaled t o  R 1 . 2 5  = 0.98 ( R O a s 6  = 1.0) and p l o t t e d  along w i t h  the sho r te r  
wavelength data on Ceres (Chapman ,:t 0 1 . .  1973; Johnson ~ . t  ,i1. , 1975). The normal i zed  r e -  
f l e c t a n c e ~  o f  th ree d i f f e r e n t  meteor i tes have a l so  been p l o t t e d  f o r  comparison. An absorp- . . 

l y  be seen i n  the Ceres spectrum and aopears t o  be centered around 
I 1 shape and depth of  the curves i n  the 3-4 urn reg ion are f a i r l y  s im i -  

I I carbonaceous bondri t e  Murchison and d i  f f e r  s i g n i f i c a n t l y  from , .  

chondri tes.  Com~ . r i son  w i t h  o ther  labora tory  spectra of nieteori t es  t. . 
t o  the spectra o f  Type 11 carbonaceous chondri tes .  Analoqy w i t h  C2 ! \ :  

e presence o f  abr : 10-15': water i n  the form of water of  hydra t ion  I -  

on the  surface o f  Ceres. This i s  the f i r s t  evidence o f  water i c  the  surface mater ia l  of  an , \: 
i . Y  
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Fig.  4. Comparison o f  the  spectrum of Ceres w i t h  th ree labora tory  
spectra o f  carbonaceous chondri tes, scaled t o  1.0 a t  V .  The 2.5- 
4.0 Dm spectra are  unpublished data from Sal isbury:  (1 )  Orguei l ,  
C1. 0.3-2.5 um, Johnson and Fanale (1973); (2 )  Murchison, C2. 0.3- 
2.5 urn, Johnson and Fanale (1973); (3)  Karoonda, C4. 0.3-2.5 vm, 
Gaffey (1974). Ceres data from 0.3-1.1 um are  from C h a p ~ n  e t  (11. 
(1973). I n f r a r e d  data for  Ceres a re  from Lebofsky (1978). The 
two sets o f  po in t s  a t  3.43 and 3.45 um g i v e  upper and lower l i m i t s  
a f t c r  removal o f  thermal f l u x .  

I n j h r e d  Spectroscopy 

Advances i n  i n f r a r e d  detec tor  technology and a v a i l a b i l i t y  o f  l a rge  astronomical t e l e -  
scopes have made i t  poss ib le  t o  apply the  tecilniques o f  Fou r ie r  transform spectroscopy t o  
asteroids.  So far, Vesta (Larson and Fink,  1975), Eros (Larson e t  a l . ,  1976) and Ceres 
(Feierber e t  a l . ,  1977) have been observed. I n  the  next  few years a spec t ra l  r e s o l u t i o n  
o f  50 c i q  w i l l  become a v a i l a b l e  f o r  many as tero ids  b r i g h t e r  than about e leventh v i sua l  
magnitude. 

The i n f r a r e d  i s  a key spect ra l  reg ion f o r  absorp t ion  bands and the  determinat ion of 
band c e n t d s  and shapes i s  essent ia l  t o  prec ise  minera log ica l  i d e n t i f i c a t i o n s .  P a r t l y  f o r  
h i s t o r i c a l  reasons. the  c o n t r i b u t i o n  thus far  o f  i n f r a r e d  spectroscopy has been confined t a  
performing d e t a i l e d  checks on composit ional hypotheses formulated on the  basis o f  o the r  types 
o f  data. I n  the f u t u r e  t h e  importance of  t h i s  technique w i l l  grow as s c i e n t i f i c  i n t e r e s t  
demands ever more prec ise  i d e n t i f i c a t i o n s  o f  surface composit ions. 
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THERMAL EMISS ION 

Intmiuotion 

The study of thermal emission r a d i a t i o n  from astero ids  has y i e l d e d  a way t o  detern~ine 
t h e i r  s izes  and albedos. Results are  now i n  hand f o r  some 200 ob jec ts .  Asteroids as a 

r and darker than was p rev ious l y  supposed. The t y p i c a l  Bond 
few percent. Objects t h i s  dark absorb almost a l l  o f  t he  sun- 
rface. The absorbed power heats the surface and even tua l l y  
a1 r a d i a t i o n  concentrated i n  the i n f ra red  spect ra l  region.  

easy t o  de tec t  a t  wavelengths of  10-20 Dm. 

i s s i o n  from an as te ro id  surface has a b lack-  

, . 

a t t e r e d  sun l i gh t .  For a spher ica l  as te ro id  the balance be- 
a d i a t i o n  may be represented by: 

2n n 
nR2(1 - A)So = B E o R2  T4(e,4) s i n  4 d$ de (1  

0 0 ' , 

! I 
( I t  

' 
I 

1 
I .  

Photometry o f  thermal emission from astero ids  has been obtained by Low (1965, 1970), 4 .  
? 5 

1971a,b), Crui kshank and Morr ison (1973), Morr ison (1973, ! :I. 
and Chapman (1976), Morr ison e t  a l .  (1976). Hansen (1976a), I 

and Jones (1977). and Lebofsky e t  a l .  (1978). Quan t i t a t i ve  , j b .  

descr ip t ions o f  t he  methods o f  d e r i v i n g  albedo and diameter from thermal i n f r a r e d  observa- I 1 . .  

a l l y  by A l l e n  (1970, 1971a), Matson (1971b). Morr ison (1973, I ,  

974). Hansen (1977). and Lebofsky e t  a:. (1978). The albedos 

8 I 

j i ; 

pman e t  a l . ,  1975; Hansen, 1977) have been 

; 
a r i m e t r i c  albedo-slope r e l a t i o n s h i p  (cf., . - 

, 
7c). Approximately 50 as tero ids  have been 

I 
' 2 -  

w e l l  observed by both techniques (cf., review by Morrison, 1 9 7 7 ~ ) .  A few diameters ob- 
ta ined from analyses o f  speckle in ter ferometry ,  radar, radio,  l una r  o c c u l t a t i o n  and s t e l l a r  
occul t a t i o n  data agree ( w i t h i n  t h e i r  est imzted unce r ta in t i es )  w i t h  the  rad iomet r ic  diam- 1 e te rs .  The use o f  radar i s  a prom; s ing new technique i n  as te ro id  studies.  Diameters have 
been der ived f o r  433 Eros and 1580 Be tu l i a .  The radar and v isua l  p o l a r i m e t r i c  observations I o f  B e t u l i a  are  i n t e r e s t i n g  because they dc no t  r e s u l t  i n  a diameter i n  agreement w i t h  tha t  
obtained by the rad iometr ic  method. The r e s o l u t i o n  o f  t h i s  prbblem i s  the  sub jec t  of  a I sect ion  o f  t h i s  paper. 

I n  the  fo l l ow ing  sect ions,  th ree photometr ic-radiometr ic models used f o r  i n t e r p r e t i n g  , \ 
rad iomet r ic  data are  discussed (see Table 3). , . i " :  _ a '. . .. 
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Radiometric MDde 2 2 :  Lunar Type Surface 1.; , . 

! ! 
1 '  . 

The c ra te red  surfaces o f  Mercury, the Moon and Mars as we1 1 as Phobo.; and Deimos are e v i -  ' , 
' .' 

dence o f  an i n t e n s i v e  bombardment h i s t o r y .  There i s  every reason t o  expect t h a t  the  as te r -  ; ,  : 
o ids  have a l so  been boliibarded and t h a t  t h e i r  surfaces a re  heav i l y  c ra tered.  This type o f  
h i s t o r y  was a l s o  experienced by some o f  the me teo r i t e  parent  bodies as pieces of t h e i r  

I ,  

surface rego l  i ths  have reached the  Ear th  as gas- r ich ,  b recc ia ted  meteor i tes  ( ~ f . ,  Wilkening, 
1976; Rajan ~t 01..  1974, 1975). , 8 

b 

The l a r g e r  as tero ids  are  expected t o  possess we1 l-developed rego l  i ths.  Once g r a v i t y  
d i f ferences are  taken i n t o  account, rhebt r w o l  i ths  should resemble i n  many ways t h a t  o f  ; I  

. the Moon. For example, the  a s t e r o i d  Vesta h 5 5 u  :.? i n  d iameter)  has s u f f i c i e n t  g r a v i t y  
t h a t  nmre than 95': o f  the e jec ta  from ili ipact c r a t e r s  ~ ~ 1 1 s  back t o  the surface.  There, as 
on the  Moon, ma te r i a l  may be reworked by subsequ~nt  impac;s (Chapman, 1971, 1976, 1978, ! ,  
Matson, 1971b; Gaffey, 1974, 1976). A1 though asteroid: a re  small , the above statements 
can be made w i t h  considerable c e r t a i n t y  because nlass deterni inat ions are  a v a i l a b l e  f o r  
i e res ,  P6 l l as  and Vesta (Schubart, 1974, 1975; Hertz,  1968) and because l abo ra to ry  d ~ t a  on I \ ,  

impacts i n t o  basa l t  (Gaul t  c t  a l . ,  1963) can be used t o  prov ide  a worst  case ana l ys i s  lead- 
i n g  t o  the  same conclusions.  This reasoning i s  cons is ten t  w i t h  t he  negat ive  p o l a r i z a t i o n  
branch o f  tbe  1 i g h t  r e f l e c t e d  from as te r@'  I s  a t  small phase angles which i nd i ca tes  t h a t  
t h e i r  sur faces are  covered w i t h  dust .  Thus, i t  i s  reasonable t o  assume t h a t  the surfaces 
o f  the l a r g e r  as tero ids  a re  porous o r  p a r t i c u l a t e .  

. . i '  
The lunar - type tlodel was pioneered by A l l e n  (1970, 1971a) and Matson (19 i la .b)  and was 

the f i r s t  model used t o  ob ta in  as te ro ia  s izes  and alhedos from i n f r a r e d  photonett-y. Fur ther  
development and ex tens ive  a ~ p l i c a t i o n  o f  t h i s  model has been done by M o r r i c m  (1973, 1976, 
1977b.c). Jones and Morrison (1974). Hansen (1976b. 1977) and Chapman ~ - t  ,:I. 11975). I 

1 
, f Model 1, whose p a ~ ~ m e t e r s  are  tabu i z ted  i n  Table 3 ,  uses the pho tc~ne t r i c  and thermal ; 

p rope r t i es  o f  the l una r  mare t o  de f i ne  a nude1 f o r  a s t e r o i d  surfaces.  This model cor re-  i 
sponds t o  a s lowly r o t a t i n g  body o f  r e l a t i v e l y  low thernlal i n e r t i a .  The fo l l ow ing  assump- t 

t i o n s  a re  made: ( 1 )  i s o t r o p i c  emission from each surface elenlent. ( 2 )  r l e g l i g i b l e  emission 
from the non. i 1 lurninated s ide.  ( 3 )  emiss iv i  t y  constant  w i t h  waveiength, and ( 4 )  no conduc- f ;I 
t i o n  o f  heat t o  depth. A c l o s e l y  r e l a t e d  v a r i a n ~  a l lows f o r  the p o s s i h i l i t y  of non iso t rop ic  , 

emission from sur face elements on the  as tero id .  i . ~ . ,  emission peaking toward zero phase as 1 *. 
has been observed f o r  the Moon by Saari and S h o r t h i l l  (1972). This can be approximated by I .  

s e t t i n g  8 = 0.8-0.9 and leav ing T(o  .g) unchanged (however, the  subsolar  temperature i n -  - .  
creases); 'mf.. Junes and Morr ison (1974). A recent  remodel due t o  Hansen (1977) a l so  
accounts f o r  some backside emission. The r e s u l t  o f  such co r rec t i ons  f o r  non i so t rop i c  emis- 
s i on  i s  on the order  o f  5-10" r e d u c t i o i  i n  the der ived diameter o f  the  as te ro id .  

Table 3. Mcdel Parameters 
b \ ,  

- ~ - - - - -  - 

Mode! 1 M ~ d e l  2 Model 3 Parameter 
~ . - .- - - - . - -- - - - -- - - - - - - - . . . - -. . - - - - - - - . -. . . . - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - -- 

Ana 1 ogy Lunar Surface Rock I r o n  Meteor i  t e  

Thermal Response Low Thema1 I n e r t i a  High Thermal I n e r t i a  High Theniial I n e r t i a  

Rot.ation Slow Rapid Rapid 
I 
I 

d 1 . O  n n 

Emiss i v i t y ,  ,. 1 .O 1 .O 0.1 
. . 

t : 
T(e.4). / a  1 <- 90" T~~~ C O S ~ B  t0sig T~~~ C O S ; ~  T max C O S ~  . , I  

/ 0 / . 90" 0 Tmax COS '9 Tmax cos'g q .* 
i _ . _ - I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ - ~ ~ _ _ .  _ _ ----- -- - ------- , 
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The lunar - type model has been used t o  i n t e r p r e t  the  photometry of thermal emission 
f rom about 200 astero ids .  A recent review of t h i s  e f f ~ r t  has been w r i t t e n  by Morr ison 
(1977~1.  A t a b l e  o f  dlameters appears i n  t h i s  volume ( k r r i s o n ,  1978). Diameters of  Vesta 
have been determined by three o the r  methods. The r e s u l t s  a re  compared i n  Table 4. 

Table 4. Vesta's Diameter by D i f  ,e rent  Methods 

Reference 

536 + 54** Morrison (1977a) 
Hansen (1977) 

536 t 54 Computed from data i n  
Ze l l ne r  e t  al. ( 1 9 7 7 ~ )  

597 -? 41 Computed from data and 
model of  Conk1 i n  e t  a l .  

Speckle Inter ferometer 513 -' 51 Worden e t  a l .  (1978) 

**Estimated e r r o r  

Radiometric M e t  2: Rock Surface r .  

b 

does no t  g i ve  r e s u l t s  cons is tent  w i t h  those obtained by o ther  methods. Based on a compari- 
son w i t h  the d i d e t e r s  determined from v isua l  po la r ime t r i c  (Tedesco a t  a l . ,  1978) and radar 
data ( P e t t e n g i l l ,  personal conmunication), i t  would appear t h a t  Model 2 as descr ibzd i n  

a1 temperature d i s t r i b u t i o n  on the surface o f  Be tu l i a .  
r f ace  thermal proper t ies  are dominated by ma te r ia l  of  

While a t  f i r s t  t h i s  would dppear t o  be i n  disagreement 
h i n d i c d t e  a dusty surface, any discrepancy would be re -  

solved, i f ,  f o r  example, the r o ~ k  i s  covered w i t h  a dery t h i n  l a y e r  of  dust. , 

The e f f e c t  o f  such boulder f i e l d s  has beeti considered 
ipse and luna t i on  coo l ing  data, where they provide an 
c the i ~ l i a r  n i g h t  (Fvda l i .  !966; Al len,  1971b; Mendell 
i c  diameter o f  B e t u l i a  i s  assumed t o  be cor rec t ,  i t  i s  

'. 



Parameters f o r  Model 2 a re  i nd i ca ted  i n  Table 3 and the  r e s u l t s  a re  shown i n  F igure  5 
f o r  representa t ive  ob jec t s  i n  the  main b e l t  ( i . s . .  P = 2 .7  A U ) .  The main d i f f e r e n c ~ s  o f  
these spectra from those o f  Model 1 are  t h a t  a s i g n i f i c a n t  amount o f  t h e m 1  emission i s  
s h i f t e d  t o  l a r g e  phase angles ( i n  p a r t i c u l a r  t o  the n i g h t  hemisphere) so t h a t  the apparent 
i n f ra red  f l u x  observed a t  the Earth i s  reduced r e l a t i v e  t c  Model 1. I n  addi t i p , ] ,  the 
e f f e c t i v e  temperature i s  lowered so t h a t  the r a d i a t i o n  peak i s  s h i f t e d  t o  s l i g h t l y  longer  
wavelengths. 

:L--l 
1 5  10 15 LO L 1 5  - 30 

WAVELENGTH, r m 

F ig .  5. A comparison o f  the spectra fo r  C and 5 
asterci ids (Model 2 )  and a m e t a l l i c  aq te ro id  (Flodel 3 )  
w i t h  r a d i i  o f  1 knl a t  a s o l a r  d i s t a i ~ c e  o f  2 . 7  AU rec-  
resen ta t i ve  o f  the main b e l t  R e l a t i v e l y  r a p i d  ro ta -  
t i o n  w i t h  h igh  thermal i n e r t i a  r e s u l t s  i n  a s i q n i f i c a n t  
amount o f  thermal emission from the n i g h t  s i de  and a 
decrease i n  i n f r a r e d  f l ux  observed a t  the Earth.  Rapid 
r o t a t i o n  a l s o  lowers the e f f e c t i v e  temperature r e l a t i v e  
t o  Model 1 and s h i f t s  the peak o f  t h r  thermal emission 

I t o  longer  wavelengths. The low emi s s i v i  t y  cha rac te r i s -  
t i c  o f  nteta i 1 i c  surfaces increases the e f f e c t i v e  temper- 
a t u r e  and s h i f t s  the peak o f  the thermal emission t o  
sho r te r  wavelengths. 
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such as the In f rdred Astronomical S a t e l l i t e ,  Space Telescope and o the r  spacecraf t  w i l l  ledd 
t o  o ther  s i g n i f i c a n t  advances. A few years from now, i t  w i l l  be poss ib le  t o  observe main 
b e l t  astet'oids w i t h  diameters as small as tens t o  hundreds o f  metsrs. I n  t h i s  s i z e  range 
i t  i s  l i k e l y  t h a t  a number o f  metal asteroids,  analogous t o  the i r o n  mr !cor i tes ,  w i l l  be 
d;scovered. I n  fact ,  some l a r g e r  me ta l - r i ch  ob jec ts  have already been suggested on the  
basis o f  r e f l e c t i o n  spectroscopy (McCord and Gaffey. 1974; Gaffey and McCord, 1977; Matson 
s t  a l . ,  1977a; Veeder e t  a l . ,  1978). , . I  

With these considerat ions i n  mind we have s t a r t e d  an i n v e s t i g a t i o n  o f  Model 3. Tt,ls I 1 
model corresponds t o  a homogeneous metal sphere. As such, i t  has low emiss i v i t y  and very 
h igh thermal i , i e r t i a ,  as i nd i ca ted  i n  Table 3 and shown i n  Figure 5. As i n  Model 2 a s ig -  
n i f i c a n t  arltount of  i n f r a r e d  f l u x  i s  emi t ted a t  l a rqe  phase angles. The low emiss iv i  t y  
ra ises  the  e f f e c t i v e  temperature o f  the  model surface and s h i f t s  the  r a d i a t i o n  peak t o  
shor ter  wavelengths. The assumption o f  a low albedo f c r  such an ob jec t  i s  as y e t  on l y  a 
guess. The c h i e f  r e s u l t  o f  t h i s  exerc ise  i s  t o  determine the gross c h a r a c t e r i s t i c s  o f  the  
thermal spectrum and t o  develop c r i t e r i a  f o r  recogniz ing me ta l - r i ch  as tero ids .  

, . 
DIRELTIONS FOR FUTURE INFRARED RESEARCH , , 

There are a number of  ~ r o b l e m s  toward which work can be d i rec ted  p r o f i t a b l y :  : 
i I 

1 '  a. I t  i s  important  t o  determine i f  the degree o f  redness (e.g., 
Rx(2.2 ~ m )  can be co r re la ted  q u a n t i t a t i v e l y  w i t h  the metal I !  

b. The presenc? o f  s i g n i f i c a n t  amounts o f  metal has i lnp l ica t io r ls  
which need t o  be s tud ied f o r  the  rad iomet r ic  and the p o l a r i -  
met r ic  methods of as te ro id  s i z e  determination. 

c. I t  i s  important  t o  extend the s i z e  o f  t he  sample of  observed 
as tero ids  and meteori tes. For example, the Trojan as tero ids  

d. Theoret ical  s tud ies  should be conducted on the o r i g i n  and 
evo lu t i on  o f  the asteroids using the as te ro id  re f l ec tance  
data as w e l l  as the meteor i te  data as boundary cond i t ions .  

These and o ther  ground-based e f f o r t s  w i l l  : (1  ) i d e n t i f y  i n t e r e s t i n g  as tero ids  as 
po ten t i a l  t a rge ts  f o r  soscecraf t  missions, and (2 )  character ize  the as tero ids  as a whole 
so t h a t  de ta i l ed  observations from spacecraf t  v i s i t s  t o  a few can be placed i n  proper con- 
t e x t  and be used t o  f u r t h e r  understand the o r i g i n  and evo lu t i on  of  t he  s o l a r  system. 

Astero id  observers i n  Earth-orbi  t w i  11 immediately have the e n t i r e  thermal emission 
spectrum ava i l ab le  t o  them as w e l l  as a l l  the  d iagnost ic  bands i n  the  i n f r a r e d  r e f l e c t i o n  
spectrum. I n  add i t ion ,  observations from space have some engineer ing advantages. I t  i s  
poss ib le  t o  suppress thermal emission from the telescope and o the r  instrument surfaces by ' \. 
coo l ing  them. Atmospheric emission background no longer f loods the detectors,  and tho  ! I .  
l i m i t  i n  performance i s  lowered t o  the l e v e l  o f  the  zodiacal l i g h t  and o f  the  d e t e c t ~ r s  I '  

themselves. The general l eve l s  o f  Eccuracy and p rec i s ion  are increased because cor rec t ions 5 . 9  

f o r  atmospheric e x t i n c t i o n  are  no t  needed. The science r e t u r n  from these advances i s  
, , 
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expected t o  be great. Observations of the e n t i r e  thermal emission and r e f l e c t i o n  spectra 
w i  11 irmnediately r e s u l t  i n  improved thermal models and hence more accurate albedos and 
sizes, and i n  be t t e r  in terpretat ions o f  surface composition. I t  w i l l  be possible t o  
search f o r  compositional information not only v ia  the model emiss iv i ty  but also d i r e c t l y  
by measuring any Reststrahl ing and Christiansen bands present. These bands are re la ted  t o  
the Si:O r a t i o  (i.s., the degree of polymerization of the Si04 tetrahedron) and the index 
of re f ract ion,  respect ively.  

Flyby and rendezvous observations w i l l  g ive spa t ia l  reso lu t ion across the astero id 's  
surface. This w i  11 al low the mapping o f  geologic un i t s  based upon t h e i r  r e f l e c t i o n  and 
thermal propert ies.  Chief oals for  spacecraft measurements of the re f lec ted  in f rared 
rad ia t lon  (1-5 urn) are: (17 t o  map the conposit ional un i t s  on astero id  surfaces a t  a 
reso lu t ion o f  be t t e r  than 1 km f o r  large asteroids (such as Ceres and Vesta) and a t  be t te r  
than 1 m f o r  small asteroids (1-10 km diameter), (2)  t o  estab l ish the va r ie ty  of chemical 
species present including d iscrete classes and mixtures of ,  f o r  example, ices, s i l i ca tes ,  
oxides, and metals, ( 3 )  t o  study the va r ia t ion  o f  the degree o f  hydrat ion w i t h i n  ind iv idua l  
un i t s  and from one astero id  t o  another, ( 4 )  t o  map the angular d i s t r i bu t i on  o f  the scat- 
tered in f ra red  rad ia t ion  and t o  use t h i s  information t o  i n f e r  surface texture and morpho- 
l og i ca l  and other propert ies which are otherwise not d i r e c t l y  observable. Emitted thermal 
data obtained a t  large phase angles and across the terminator w i l l  y i e l d  maps o f  the 
thermal i ne r t i a .  Strong constraints on r e g o l i t h  g ra in  s i ze  w i l l  r e su l t .  I n  addit ion, the 
amount of bare rock o r  boulders exposed w i l l  be imnediately apparent. The de ta i led  study 
o f  several asteroids by these methods w i l l  g ive the necessary absolute ca l i b ra t i on  for 
fu ture remote in f ra red  observations from the ground o r  Earth-orbi t. 

I n  addi t ion to  the foregoing there i s  an experiment, conceptual i n  nature, t ha t  re-  
quires study and development before i t s  implenentation can be assessed properly.  A small 
scanning spacecraft a t  one of the Lagrange points o f  the Earth-Sun system can be used t o  
search f o r  Apollo asteroids. These objects are r e l a t i v e l y  b r i gh t  i n  the i n f r a red  and can 
be dist inguished read i l y  from the ce l es t i a l  background by using t h e i r  r e l a t i v e  motion and 
spectral  signatures. Such an experiment would scan a great c i r c l e  on the ce l es t i a l  sphere, 
thus de f in ing  a plane. Any ob ject  crossing t h i s  surface w o u l ~  be discovered, permi t t ing 
in tens i  ve study by a1 1 avai l ab l e  techniques. A more sophist icated experiment might i n -  
clude the main b e l t  asteroids. The s c i e n t i f i c  re tu rn  from t h i s  experiment would include 
a determination o f  the number densi t v  o f  asteroids as wel l  as iden t i f i ca t ions  according t o  
compositional types. 

For the near future, the most important advances from space are l i k e l y  t o  come from 
the IRAS ( In f ra red  Astronomical S a t e l l i t e )  observatorv scheduled f o r  launch i n  1982. This 
sate1 t i  t e  w i l l  be capable o f  carry ing out a t o t a l  sky survey i n  a number oC in f rared band- 
passes reaching t o  a 10 um N magnitude o f  about 7 (Aumann and Walker, 1977). If appropriate 
data processing can be car r ied  nut  t o  r e t r i e ve  the astero id  observations, i t  may be pos- 
s i b l e  t o  obtain radiometric diameters o f  essen t ia l l y  a l l  of :he asteroids w i t h  known o r -  
b i t s ,  thus increasing our catalog o f  diameters by more than an order o f  magnitude. 
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DISCUSSION 

McCORD: Can you say whether the H,O bands observed on Ceres i nd i ca te  water, o r  water o f  
hydra t ion? I t  i s  a problem not  on l y  on the as tero id ,  b u t  on the s a t e l l i t e s  as w e l l .  

MATSON: C lea r l y  i n  the  labora tory  the spectrum o f  Murchison i s  due t o  water o f  hydrat ion;  
whether i t  i s  water o f  hydra t ion  on Ceres, I d o n ' t  know. 

MORRISON: I would l i k e  t o  make a skep t i ca l  comment concerning the use of thermal measure- 
ments t o  ob ta in  composit ional data. Although some informat ion on composit ion i s  su re l y  
present, the  f a c t  i s  t h a t  no demonstration o f  the u t i l i t y  o f  thermal spectra has been 
made, l a r g e l y  due to  masking o f  composit ional e f fec ts  i n  rea l  ob jec ts  w i t h  r e g o l i t h  
surfaces. I expect as te ro id  thermal spectra w i l l  t u r n  out  t o  be near ly  featureless 
blackbodies. 

VEVERKA: I n  your thermal models do you a l l ow  f o r  nonspherical ob jec ts? Couldn' t you 
match B e t u l i a ' s  thermal spectrum by changing the shape? 

MATSON: These models assume Spheric.31 shapes. B e t u l i a  was observed f o r  a long t ime over 
several n ights ,  and the i n f r a r e d  l i g h t c u r v e  i nd i ca tes  tha t  shape i s  not  important .  The 
n i c e  th ing  about these lunar  type models, i f  they work, i s  t h a t  the thermal conduct iv-  
i t y  i s  so low t h a t  each element i s  v i r t u a l l y  i n  instantaneous e q u i l i b r i u m  w i t h  sun l i gh t .  
I f  you pu t  shape i n t o  the models, there  might be on ly  a 10 o r  20%: d i f fe rence.  

McCORD: Are you sure there  i s  not  an e r r o r  i n  the f l u x  measurement i t s e l f ?  
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MATSON: That was my f i r s t  t c t i o n  b u t  the  observations were so c l o s e l y  l i nked  w i t h  
standard s ta rs  t h a t  there i s  no way t o  quest ion them. So we had t o  consider another . . .. model based upon the f a c t  t h a t  B e t u l i a  i s  a small ob jec t  and a t  some s i z e  one should 
s t a r t  t o  see rocks ins tead o f  r e g o l i t h .  

ARNOLD: Le t  me ask how t h i c k  a dust  l a y e r  you are assuming i n  you,- Model 2? 
MTSON: I t  i s  too t h i c k  i f  i t  becomes a thermal impediment and reduces the thernial i n e r -  

t i a .  So i t  has t o  be t h i c k  enough, a t  l e a s t  a few microns, t o  ge t  the p o l a r i z a t i o n  
data b c t  i t  c a n ' t  be much more than a mi 1 l ime te r .  I f  you had c e n t i ~ ~ i e t e r s  o f  dust, 
i t  would be thermal ly  i n s u l a t i n g  and the lunar  type node1 probably would work. 

ARNOLD: As I w i l l  say i n  my paper, i f  you are doing gama-ray studies,  the scale length t 
which determines whether you are  l ook ing  a t  the under ly ing rock s o i l  o r  the dust  i s  
tens of centimeters. And if you are  doing X-ray studies,  the scale length  i s  compar- 
ab le  t o  tha t  f o r  o p t i c a l  measurements. ' ' 

I .  . 
SHOEMAKER: You cou ldn ' t  d i s t i n g u i s h  a surface t h a t  was broken blocks whose dimensions are , 

t y p i c a l l y  tens o f  cent imeters from a so l i d .  You cafi have a r e g o l i t h  o f  very coarse 
i blocks. 
t 

I MATSON: We see t h a t  on the Moon. A boulder f i e l d  i s  seen as a thermal anomaly a f t e r  dark. 
I t  i s  e s s e n t i a l l y  l i k e  bare rock. 

CHAPMAN: I s n ' t  i t  the  case t h a t  the  10 and 20 um ddta, which we have o r  can obta in ,  cdn 
r e a l l y  d i s t i n g u i s h  between your  Models 1 and 2 a.id the metal model? 

MATSON: Yes. However, you cou ld  ga in  a l o t  i f  you could go above the atmosphere o r  i n t o  
space and get  data a t  about 7 urn and a t  30 o r  50 um. Using 10 and 20 vm data i s  harder 

I 
because the e f f e c t  i s n ' t  as l a r g e  compared t o  the e r r o r s  i n  the data. 

MORRISON: I published a graph showing 10 t o  20 11m c o l o r  i nd i css  f o r  about 35 as tero ids  i n  
1974. There were no anomalies. And since then I have looked a t  a n.dch l a r g e r  saniple 
amctinting to  almost 100 observations and have seen no anomalies o f  the magnitude tha t  
you have ca lcu la ted fo r  a pure metal model. C lea r l y  smal ler  anomalies get  l o s t .  But 
i t  i s  s t i l l  i n t e r e s t i n g  t h a t  there  i s  a f a i r l y  subs tan t i a l  se t  o f  data which do no t  
show t h i s  e f fec t .  (Figure from Morr ison (1974) fo l l ows . )  
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# MATSON: When yo11 s t a r t  mix ing metals and s i l i c a t e s  i t  gets extremely complicated. But 

, \ 
c l e a r l y  i f  there i s  an as te ro id  w l t h  a great  deal o f  metal on o r  very near the surface. 
i t  w i l l  be recognized by thermal radiometry. 
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ASTEROID C O L L I S I O N S ,  CRATERS, REGOLITHS,  AND L I F E T I M E S  

CLARK R. CHAPMAN 

Planetary Science I n s t i t u t e  
Tucson, Ariaona 85719 

C o l l i s i o n a l  and c ra te r i ng  processes i n  the as te ro id  b e l t  
fundamentally determine t h e  phys ica l  character o f  the  as ter -  
oids, i nc lud ing  t h e i r  present numbers, s izes,  shapes, spins, 
i n t e r n a l  propert ies,  surface l a y e r  textures,  and surface 
topographies. Recent research on these top i cs  i s  review2d 
here, i n  t he  contex t  o f  both as te ro ida l  science and potel?- 
t i a l  mission-planning. Ground-based observat ional  cons t ra in t s  
on as te ro id  c o l l i s i o n a l  processes are  r e l a t i v e l y  weak and i n -  
d i r e c t .  What we be l ieve we understand about these processes 
r e s u l t s  l a r g e l y  from p re l im ina ry  attempts a t  t heo re t i ca l  
modeling and ex t rapo la t i on  o f  experiments f a r  beyond labora- 
t o r y  scales. Asteroids, i nc lud ing  the l a r g e r  ones, are  a 
thoroughly fragmented popu la t ion  o f  bodies i f  our  extrapola- 
t i ons  o f  labora tory  experiments t o  very l a rge  scales are  a t  
a l l  cor rec t .  I n t e r i o r s  o f  most l a r g e r  as tero ids  should be 
thoroughly f rac tured.  Surface regol  i ths are probably sub- 
s t a n t i a l ,  except on the smal les t  and s t rongest  bodies, b u t  
should be very poor ly  mixed i n  comparison w i t h  the l una r  
regol  i th.  Latera l  heterogenei t ies are  probably masked by 
recent e jec ta  deposits, except on the  smal les t  and l a r g e s t  
bodies. Phobos and Deimos are  probably not  saturated w i t h  
c ra ters ,  bu t  i n  any case do no t  prov ide exact analogs f o r  
as te ro ida l  c ra ter ing .  Astero id  c r a t e r  s t a t i s t i c s  wi 11 pro- 
v ide  chronological  in format ion p e r t i n e n t  t o  on l y  very recent  
epochs o f  so la r  system h i s to ry .  

INTRODUCTION 

The most important  process a f f e c t i n g  as tero ids  subsequent t o  the  e a r l y  epochs of s o l a r  
,ystem h i s t o r y  has been t h e i r  c o l l i s i o n a l  i n t e r a c t i o n  w i t h  each o the r  and w i t h  the complete 
s i  ze-spectrum o f  i n te rp lane ta ry  debr is.  O f  course our know1 edge o f  "geological  " processes 
on as tero ids  must be based on inferences from remote observat ion and we may be surpr ised 
once we examine an as te ro id  "up close." But most as tero ids  are very small and cannot re-  
t a i n  atmospheres o r  generate s u f f i c i e n t  i n t e r n a l  heat t o  d r i v e  geochemical o r  endogenic 
geomorphological processes throughout a major p o r t i o n  o f  s o l a r  system h i  s to ry .  Thus we 
expect t h a t  t he  geological  evo lu t i on  o f  as tero ids  has been governed, as has t h a t  o f  t he  
Moon f o r  the  l a s t  2-3 AE, by t h e i r  c o l l i s i o n a l  i n te rac t i ons .  

Understanding the  c o l l i s i o n a l  evo lu t i on  o f  as tero ids  i s  now arguably the most important  
p a r t  o f  as te ro ida l  science f o r  several reasons. F i r s t ,  near ly  every observable proper ty  o f  
asteroids can be shown t o  be determined by, o r  s u b s t a n t i a l l y  a f fec ted  by, c o l l i s i o n s .  
Astero id  sizes, shapes, and spins are be l ieved t o  be due t o  c o l l i s i o n a l  f ragmentat ion and 
inferences from te lescop ic  observations concerning as te ro id  surface compositions and tex- 
tu res  depend s u b s t a n t i a l l y  on the  nature  and evo lu t i on  p f  as te ro ida l  r e g o l i t h s .  A second 
reason f o r  studying as te ro id  co l  l i s i o n a l  evo lu t i on  i s  t h a t  c o l l i s i o n s  serve p a r t i a l l y  t o  
mask what as tero ids  might t e l l  us about the e a r l y  cond i t ions  dur ing the  accre t ionary  pe r iod  
of p,anet formation. A dominant reason f o r  s c i e n t i f i c  i n t e r e s t  i n  as tero ids  i s ,  a f t e r  a l l ,  



t h a t  many of them are- -a t  l e a s t  compared w i t h  the  Moon and l a r g e r  p l a n e t s - - r e l a t i v e l y  p r i s -  
t i n e  and una l tered ob jec ts  t h a t  preserve c lues from the e a r l i e s t  epochs, provided We are 
ab le  t o  disentangle e f f e c t s  of subsequent c o l l i s i o n s .  F i n a l l y ,  i t  i s  be l ieved t h a t  the  
t r a i t s  o f  many meteor i tes have been shaped by evo lu t i on  i n  as te ro ida l  r e g o l i t h s  and t h a t  
the  d e l i  very o f  as te ro ida l  meteor i tes i n t o  Earth-crossing o r b i t s  invo lves c o l l  i siona l  f rag-  
mentation i n  the  main b e l t .  The study o f  as te ro id  c o l l i s i o n a l  and r e g o l i t h  product ion  
processes, as constrained by the proper t ies  of meteor i tes,  s$ould help us t o  i n t e r p r e t  
me teo r i t i ca l  evidence i n  a  p lane to log i ca l  context .  

A t  t he  h igh r e l a t i v e  v e l o c i t i e s  i n  the b e l t ,  c o l l i s i o n s  erode o r  f rac tu re  as tero ids  
as we l l  as c reate  r e g o l i t h s .  Asteroids are  u l t i m a t e l y  destroyed by catas t roph ic  fragmenta- 
t i ons  which i n  t u r n  "create" smal ler  as tero ids .  From the known diameters and o r b i t s  o f  
asteroids,  t y p i c a l  c o l l i s i o n  ra tes  among ob jec ts  may be r e a d i l y  ca lcu la ted.  More compl i- 
cated i s  spec i fy ing the phys ica l  outcome o f  a  c o l l i s i o n ,  depending on the r e l a t i v e  s i z e  o f  
the  c o l l i d i n g  bocmes and on t h e i r  phys ica l  nature  (e .g . ,  st rength) .  Gross bounds are  pro- 
vided by conservat ion o f  energy and s i m i l a r  considerat ions.  Thecre t ica l  and l abo ra to ry  
scale experimental studies of  c r a t e r i n g  and fragmentation physics have k e n  app l ied  t o  the 
problem, b u t  we have no p r a c t i c a l  experience w i t h  c o l l i s i o n s  o f  t he  magnitude t h a t  s h a r ~ e r  
la rge as tero ids .  Also, we have on ly  rough ideas about as te ro id  dens i t i es  and strengths.  
Astronomical observations o f  as te ro id  sizes, shapes, spins, and i n f e r r e d  su r face  composi- 
t ions  prov ide some help i n  modeling c o l l i s i o n a l  evo lu t i on  as do m e t e o r i t i c a l  inferences 
concernidlg shock pwssures and r e g o l i t h  processing, I n  summary, some important  bounds may 
be placed on as te ro id  c o l l i s i o n a l  evo lu t ion ,  but  d e t a i l s  remain a  mat ter  o f  informed spec- 
u la t i on .  

Several conclusions and important  g e n e r a l i t i e s  t h a t  w i l l  emerge from t h i s  paper are 
sumnari zed here: 

1. C o l l i s i o n  ra t?s  and k i n e t i c  energies are  s u f f i c i e n t  t o  fragment 
most as tero ids  we l l  w i t h i n  the l i f e t i m e  o f  the  s o l a r  system; 
thus most as tero ids ,  except ing perhaps on ly  the very l a rges t ,  
a re  o f  a  fragmental nature. 

2. Many as tero ids  i n  excess of 100 km diameter are  probably tho r -  
oughly f rac tu red  throughout t h e i r  i n t e r i o r s .  

3.  Regol i ths on as tero ids  are  poor ly  mixed i n  comparison w i t h  the 
l una r  r e g o l i t h ,  except poss ib l y  f o r  very l a rge  as tero ids .  

4. Regol i ths are  t h i n  o r  absent on small asteroids,  espec ia l l y  
those of  strong rocky composition. 

5. Unl ike  the Moon, f o r  which most c r a t e r  e jec ta  are deposi ted i n  - c  . ' 
close prox imi ty  t o  the c ra te r ,  as te ro ida l  c r a t e r  e jec ta  are 1 _ 
comnonly d i s t r i b u t e d  e n t i r e l y  around the body, tending t o  mask I .  

any undc r l y i  ng 1  a t e r a l  heterogenei ty.  
' I .  

6. S t r a i g h t f o r w r d  approaches t o  i n t e r p r e t i n g  c r a t e r  populat ions on , . 
Mars, Mercury, and the Moon cannot be d i r e c t l y  app l ied  t o  c ra te rs  , 

on Phobos and Deimos, and none of  these bodies serves as an exact . .  . , 
example of what we might expect on as tero ids .  Cra ter  populat ions I 

on an as te ro id  w i l l  reveal  the  chronology and character  o f  events 
.. . . t h a t  have occurred subsequent t o  the l a s t  major fragmentation ! \  

. - .. , I V  

, . ,  event i n  which an as te ro id  has pa r t i c i pa ted ;  s ince such events t .  . 
occur f requent ly,  as te ro id  c r a t e r i n g  records genera l ly  c ill no t  1 

extend fa r  back i n  t ime. I . -  
, . 
, ? -  
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The above c o n c l u s i o n s ,  and other ,  t o  f o l l o w  i n  t h i s  chap te r ,  a r e  d e r i v e d  from p r e -  
l i m i n a r y  t h e o r e t i c a l  nlodels and g ross  e x t r a p o l a t i o n s  o f  a  few exper inwnts  f a r  beyond labo-  
r a t o r y  sca les .  Thus, as i s  t h e  case f o r  any s c i e n t i f i c  t o p i c  f o r  which t h e  o b s e r v a t i o n s  
a r e  m o s t l y  i n d i r e c t ,  t h e  analyses 4n t h i s  paper shou ld  he cons idered  model-dependent 
and i n  need o f  f u r t h e r  v e r i f i c a t i o n  by a d d i t i o n a l  t h e o r e t i c a l ,  exper in ien ta l  and observa-  
t i o n a l  work and u l t i m a t e l y  by d i r e c t  c x a n i i n a t i o ~ i  o f  a s t e r o i d s  f rom s p a c e c r a f t .  I t  would 
be a  m is take ,  however. t o  regard  t h e  c o n c l u s i o n s  i n  t h i s  paper  as he ing  Inere "guesses." 
A s t e - m i d  c o l l i s i o n  probabilities nlay he c a l c u l a t e d  c e r t a i t i l y  t o  w i t h i n  a  f a c t o r  o f  two o r  
t h r e e .  Given c o n s e r v a t i o n  o f  enerqy, assess ing t h e  ooss i  h l e  ranqe o f  c o l l  i s i o n a l  outcomes 
then  becomes a  probleni  i n  unders tand ing  l i ~ r ~ i t s  o n  t h e  p a r t i t i o n i n n  o f  t h e  c o l l i s i o n a l  k i n e t -  
i c  energy. Reasonable judgements on t h i s  ~ n a t t e r  c o n s t r a i n  t t i c  ~ ~ l y s i c a l  n a t u r e  o f  a s t e r o i d s  
t o  a  c o n s i d e r a b l e  degree. b u t  t h e  poss i  h i  1  i t y  remains t h a t  sorriethinq i s  b e i n g  over looked .  

T h i s  paper  t r e a t s  t h r e e  n u j o r  t o p i c s :  c o l  1 i s i o t i s  and f ragmenta t ion ,  a s t e ~ ' o i d  reg01 i t h  
~node ls ,  and c r a t e r i n g  on sn ia l l  bod ies .  Much o f  t h e  paper  i s  based on  niy own work i n  p rog-  , . 
r e s s  ( i n  a s s o c i a t i o n  w i t +  D.  R, Dav is  and J. F .  Wacker o n  c o l l i s i o n a l  e v o l u t i o n  and w i t h  
R. Greenberg. K. Housen and L.  W i l  ken ing  on r e g o l i t h  mode ls \ .  There i s  1  i t t l e  r e c e n t  l i t -  
e r a t u r e  d e a l i n g  w i t h  a s t e r o i d  c o l l i s i o n a l  e v o l u t i o n ,  except f o r  c e r t a i n  s p e c i f i c  t o p i c s  
(o.$. , H a r r i s ,  1978, f o r  d i s c u s s i o n  o f  a s t e r o i d  s p i n s ;  W e t h e r i l l ,  1976. f o r  d i s c u s s i o n  o f  
a s t e r o i d a l  p r o d u c t i o n  o f  m e t e o r i t e  f ragments and d e l i v e r y  t o  E a r t h ) .  Work on reg01 i t h s  has 
d e a l t  a ln lost  e x c l u s i v e l y  w i t h  t h e  Moon so f a r  (see r e v i e w  hy Lanqevin and Arno ld .  1977). 
I n t e r p r e t a t i o n  o f  c r a t e r  p o p u l a t i o n s  on s m a l l  hod ies  (Phohos and Deimos) i s  i n  i t s  i n f a n c y ;  
t h e  p r e s e n t  paper  and connwnts e l<ewhere i n  t h i s  v o l u ~ i k  by Vever-La c o n s t i t u t e  t h c  o n l y  ek-  
t r a p o l a t i o n  t o  a s t e r o i d s .  

COLLISIONS, FRAGMENTATIOPI. AND E V O L U I  ION OF T H C  S1 Z t  DISTRlRllT11~N 

We may u s e t u l  l y  d i s t i n g u i s h  htitwetlri two t j p c s  o f  c o l l  i s i o n s :  ( a )  those  f o r  wi i ic t i  t h e  
r a t i o  between t a r g e t  and p r o j e c t i  l e  d ian~eter-s  i s  lai.c]e. r.csul t i l r c l  i n  c r a t o . i n q  dnd e r o -  
s i o n  o f  t h e  t a r y e t ,  and ( b )  those f o r  wh ich  t h e  p r o j e c t i l e  i s  . u f f i c i e n t l y  l d r q e  (s lnd l l  I \  
t o  r e s u l  t i n  c a t a s t r o p h i c  f raqnie l i ta t  i o n  o f  the tal 'get ( d e f i n e d  as o c c u r r i n q  if t h e  lar'clest 
o b j e c t  r e ~ n a i n i n g  a f t e r  c o l l i s i o n  i s  % 5 0 , .  t h e  o r i q i n , r l  o f  t h e  t a r q e t ) .  Rtv-nuse t h e  
exponent o f  power- law a p p r o x i n ~ d t i o ~ i s  t o  t h e  i n c r c ~ ~ l r ~ i t a l  dian1ete1--frequency r c l a t  icrnship o f  
a s t e r o i d s  has an a h s o l u t e  va lue  . 4 .  I I IOT~ ~i idss (hence most k i n e t i c  c n r r q y )  reside: i n  la rqc t .  

t a s t e r o i d s ;  t h e r e f o r e  t h e  l ,~ i -qes t  toll i s i o n s  ar-e n a r c  i n ~ l ) o r t a n t  i n  d e s t r o y i n g  aster 'o ids than  
t h e  c u m u l a t i v e  e r o s i o n  by  s l rwl l  c r d t c r i n g  even ts .  But c r a t e r i n g  i s  by no IlieJris n c g l  i q i b l e  I 
and, i n  f a c t .  i s  w h o l l y  r c s p o n s i h l e  f o r  c r e a t i n g  a s t p ~ . o i d d l  r e q o l i t h s .  1 \ . : .  

\ 

The f ragnwnts r e s u l t i n g  f rom an a s t e r o i d  c c ~ l l i s i o n  (whether  r o ~ i i p ~ . i s i n q  the  e n t i r e  ~ ~ u s s  
i n v o l v e d  i n  a  c a t a s t r o p h i c  c o l l  i s i o n  o r  ~ n c r e l y  t h e  e j e c t a  i n  a  c r , ~ t e ~ . i r r q  (.vent) ~ndy he 
c h a r a c t e r i z e d  by t h e  d i a m e t e ~ -  o f  t h e  l a r q e s t  f ra ! i l~~en t .  t h e  powe~'- law d e s c r ~ :  i r r ! ~  t h c  s i z e  

- -  



Fig.  1. Diameter-frequency d i s t r i b u t i o n  f o r  . . .' 
vPLS FOR S ALBEDO . ,  asteroids.  Po in ts  are  bias-corrected rounts  1 .  , ! 1 

i n  increments of 0.05 i n  l o g  diameter I ,  . . 
(Ze l l ne r  and Bowell, 1977). Lines are pos- 
s i  b l e  f i t s  and ex t rapo la t ions,  constrained 
a t  small diameters by Palomar-Leiden Survey 500 -. 
data f o r  two d i f f e r e n t  poss ib le  albedos. 
F igure  reproduced from Chapman e t  a l .  (1978). 
( C o u r t ~ s y  Annual Revia, of Astronomy d t 

Astrophgsics . ) 
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d i s t r i b u t i o n ,  and the d i s t r i b u t i o n  o f  v e l o c i t i e s .  The f r a c t i o n  o f  e jec ta  t r a v e l i n g  a t  , , r i  
less  than the g r a v i t a t i o n a l  escape v e l o c i t y  o f  the ta rge t  f a l l s  back and con t r i bu tes  t o  t h e  i 1 .t 
r e g o l i t h .  The remaining e j e c t a  escape and become i n d i v i d u a l  as tero ids  o r  smal ler  deb r i s  i n  I , 
t h e i r  own r i g h t .  ' , \ .:. 

The previous three paragraphs have parameterized the problem. Le t  us now consider the , ,  

c o l l i s i o n a l  physics and what l i t t l e  has been learned from theo re t i ca l  modeling and Earth- 
\' 

1 .. 
' 1 .  

based experimentation. Cra ter ing i s  somewhat b e t t e r  understood than i s  ca tas t roph ic  frag- 
mentation. Not on l y  have more laboratory sca le  experiments been done on impacts i n t o  
semi- inf  i n i  t e  targets,  bu t  nuclear explosion c ra te rs  prov ide some bas is  f o r  ex t rapo la t i on  . - 
t o  la rger -sca le  events. Moreover, computer codes have been w r i t t e n  t o  model hyperveloci  t y  
c ra te r i ng ,  not  fragmentation, events. Nevertheless, a ca tas t roph ic  fragmentation event may 
be thought o f  crudely but  u s e f u l l y  as the l i m i t i n g  case o f  a c r a t e r i n g  event t h a t  consumes 
a s i g n i f i c a n t  f r a c t i o n  o f  the volume o f  the  e n t i r e  ta rge t .  Laboratory-scale fragmentation 
experiments i n v o l v i n g  v e l o c i t i e s  i n  excess o f  1 kmlsec are repor ted by Moore and Gaul t 
(1965), Gaul t  and Wedekind (1969), and Fuj iwara e t  a l .  (1977). . . . , 

I '  

The k i n e t i c  energy o f  the  p r o j e c t i l e  i s  p a r t i t i o n e d  i n t o  several forms of  enerqy upon 
impact. For rock- in to- rock  c r a t e r i n g  impacts a t  5 kmlsec, O'Keefe and Ahrens (1977) corn- , , 
pute t h a t  2 0 h f  the  energy goes i n t o  heat ing ( i nc lud ing  me1 t i n g  and vapor iza t ion)  of the ' 1  ' ,, j 
p r o j e c t i l e ,  another 20% i n t o  heat ing the  td rge t ,  and about 50% i n t o  p l a s t i c  work and com- ; , \  
minution. The remaining 10% i s  p a r t i t i o n e d  i n t o  the k i n e t i c  energy o f  t he  a jec ta .  An !I ' 1 . .  experiment by Gaul t  e t  a t .  (1963) stiows the d i s t r i b u t i o n  o f  e jec ta  v e l o c i t i e s  as a funct ion  I 

o f  mass-fract ion.  The f r a c t i o n  o f  e jec ta  f a i l i n g  t o  exceed the escape v e l o c i t y  f a l l s  back _ . '  

t o  the surface. It i s  uncer ta in  t o  what ex ten t  such c r a t e r i n g  models are  app l i cab le  t o  

148 . . , - 
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f r a g m e n t a t i o n  events.  Bu t  t h e  a s t e  'o id  s i z e - d i s t r i b u t i o r  i s  such t h a t  most c a t a s t r o p h i c  
f r a g m e n t a t i o n  even ts  i n v o l v e  t a r g e t - p r o j e c t i l e  r a t i o s  o n l y  s l i g h t l y  l a r g e r  than  i s  s u f f i c i -  
e n t  f o r  f ragmenta t ion ,  so t h e  even ts  a r e  n o t  g r o s s l y  d i s s i ~ ~ , . l a r  from l a r g e  c r a t e r i n g  events;  
hence one m i g h t  expec t  r o u g h l y  s i m i l a r  energy p a r t i t i o n i n g .  

The most i m p o r t a n t  v a r i a b l e ,  however, i s  t h L  p h y s i c a l  n a t u r e  o f  t h e  a s t e r o i d a l  m a t e r i a l .  
Bo th  d imens iona l  a n a l y s i s  and a c t u a l  exper iments demonstrate t h a t  t h e  energy (hence p r o j e c -  
t i l e  mass) necessary t o  produce a s p e c i f i e d  amount o f  darllage ( L ' . ~ .  , c r a t e r  o f  a  s p e c i f i e d  
s i z e  dr f r a q m e n t a t i o n  o f  a  t a r g e t  o f  s p e c i f i e d  s i z e )  s c a l e s  r o u g h l y  as t h e  t a r g e t  s t r e h g t h .  
I n t e r p r e t a t i o n s  o f  spec t ropho tomet ry  a r e  c o n s i s t e n t  w i t h  sdlile a s t e r o i d s  be ing  s ;m i la r  t o  
carbonaceous c h o n d r i t e s ,  which have c r u s h i n g  s t r e n g t h s  as low as 3 x l o 6  dynes cm"; o t h e r s  
may be o f  s t r o n g  m e t a l l i c  compos i t i on  w i t h  c r u s h i n g  s t r e n g t h s  exceeding 2 x 101° dynes c W 2 .  

' . '  Of  course  a s t e r o i d s  may have b u l k  s t r e n g t h s  much lower  than  t h a t  o f  t h e i r  c o n s t i t u e n t  mate- 
r i a l s  i f  they  a r e  a l r e a d y  fragmented, wh ich  n l igh t  have r e s u l t e d  f rom p r e v i o u s  c o l i i s i o n a l  
h i s t o r y  (see below).  

Cons iderab le  1 i t e r a t u r e  e x i s t s  on energy/d iameter  s c a l  i n g  laws f o r  c r a t e r s .  espe- 
c i a l l y  i n  r o c k y  and sandy s u b s t r a t e s .  Much l e s s  i s  known dbout  f r a g m e n t a t i o n  events,  b u t  
exper iments sumnarized by Greenberg e t  aZ. (1977) suggest t a ' a t  t h e  e f f e c t i v e  " impac t  
s t r e n g t h s "  o f  m a t e r i a l s  a r e  about  two o r d e r s  o f  r c g n i t ~ d e ~ l e s s  than  c r u s h i n g  s t r e n g t h s ;  
i . e . ,  a b a s a l t i c  body o f  c r u s h i n g  s t r e n g t h  s109 dynes cmy- w i l l  be c a t a s t r o p b i c a l  l y  f r a g -  
mented if s t r u c k  by a p r o j e c t i l e  w i t h  k i n e t i c  energy 210' ergs/cm3. O f  p a r t i ~ u l a r  impor- 
tance t o  a s t i r o i d s  i s  t h e  f a c t  t h a t  e j e c t a  v e l o c i t i e s  f rom inipacts i n t o  l o o s e l y  aqgregated 

i 

m a t e r i a l  ( e . g . ,  sand) a r e  ~2 o r d e r s  o f  magnitude l e s s  tnan  v e l o c i t i e s  f rom impacts i n t o  
rocks  ( S t o f f l e r  r t  d ; .  , 1575);  a  generd l  v e l o c i t y  dependence on s t r e n g t h  i s  suggested and 1 ' 
i t  may a p p l y  a l s o  t o  f r a g m e n t a t i o n  events.  b u t  t h e  phenomenon has n o t  been w e l l  documented. 

F o r  5 km/sec a s t e r o i d a l  i ~ ! ~ p a c t s ,  c a t a s t r o p h i c  f r a g m e n t a t i o n  may be expected t o  r e s u l t  
when y 5 18 f o r  hard,  rocky  bodies,  1 5 7 f o r  i r o n  bodies ( a t  temperatures above t h e  duc- 
t i l e / b r i t t l e  t r a n s i t i o n ) ,  and ! 50 f o r  v e r y  weak bodies.  For  " s u p e r c a t a s t r o p h i c "  c y l  li- 
sions ,  i n v o l v i n g  y much l e s s  than t h e  l i m i t i n g  va lues j u s t  1  i s t e d ,  the  excess energy produces 

meter  f o r  t h e  l a r g e s t  f ragment  and a l a r g e r  popu- 
b u t i o n  (see d i s c u s s i o n  i n  Greenberq e t  a7. , 

I n  o r d e r  f o r  an  a s t e r o i d  t o  be "dest royed,"  i t  must n o t  o n l y  b e  tragmented, b u t  t h e  
fragments must have s u f f i c i e n t  k i n e t i c  energy t o  overconre t h e i r  mutual  g r a v i t a t i o n a l  a t -  

p o r t i o n  o f  p r ~ j e c t i l e  k i n e t i c  energy t h a t  goes 
t o  10 '  exceeds t h e  g r a v i t a t i o n a l  b i n d i n g  energy 
h a t  most o f  t h e  fragments, e s p e c i a l l y  t h e  most 

massive ones, a r e  a c c e l e r a t e d  t o  v e l o c i t i e s  exceeding t h e  body 's  escape v e l o c i t y .  F o r  
s o l i d ,  r o c k y  bod ies  21CO kni d iamete r ,  any impact  s u f f i c i e n t  t o  fraglr lent t h e  body w i l l  a l s o  

t I 
; I 
t b  • ' .. 
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be s u f f i c i e n t  t o  d i s p e r s e  t h e  fragments. Bu t ,  f o r  a  l a r g e r ,  rocky  body, i t  clay be rnargin- I :  

a l l y  fragn'ented b ~ t  f a i l  t o  be d ispersed ;  such an even t  c o n v e r t s  t h e  body i n t o  a " p i l e  o f  
r o c k s "  wh ich  no l o n g e r  has s u b s t a n t i a l  i n t e r n a l  s t r e n g t h .  S i r l i i l a r  b e h a v i o r  would o c c u r  
f o r  weaker bod ies  '10 km d iamete r .  Such a s t e r o i d s  w i l l  n o t  be d i s p e r s e d  u n t i l  i n v o l v e d  i n  
a " s u p e r c a t a s t r o p h i c "  event  t h a t  p a r t i t i o n s  s u f f i c i e n t  energy i n t o  k i n e t i c  energy t o  over -  
come the  g r a v i t a t i o n a l  b i n d i n g .  O f  course, when t h a t  occurs  t h e  l a r g e s t  fragment from such 
an a l r e a d y  broken-up body wi  11 be mcrh s m a l l e r  than  t h e  o r i g i n a l  body- - to  f i r s t  o r d e r  one 
m i g h t  s i m p l y  a s s m e  t h e  body has d isappeared as an observab le  a s t e r o i d  and been conver ted  
i n t o  sma l l  i n t e r p l a n e t a r y  d e b r i s .  

Chapman and Davis  (1977) and Davis  and Chapman (1977) have been i n v e s t i g a t i n g  a s t e r o i d  
c o l l  i s i o n a l  e v o l u t i o n  models, e n ~ p l o y i n g  the paraniet?rs and concepts d iscussed  above. I n  
p a r t i c u l a r .  t h e y  have cons idered  the  s i ~ n u l t a n e o u s  c o l l i s i o n a l  i n t e r a c t i o n  o f  two p o p u l a t i o n s  
o f  a s t e r o i d s ,  one c o n s i s t i n g  o f  s t r o n g  bodies,  the  o t h e r  o f  weak bodies.  They have s t u d i e d  
t h e  c o l l i s i o n a l  e v o l u t i o n  o f  t h e  p r e s e n t  a s t e r o i d  b e l t  ('3.9.. t h e  b i a s - c o r r e c t e d  p o ~ u l a t i o n s  
o f  Z c l  l n e r  and Bowel 1, 1977) as we1 1 as h y p o t h e t i c a l  a u g ~ e n t e d  e a r l y  a s t e r o i d  o o p u l a t  ions.  
A number o f  i m p o r t a n t  r e s u l t s  a r e  as f c l  lows:  
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( 1 )  The as te ro ids  p resen t l y  impact each o t  ¶r w i t h  s u f f i c i e n t  frequency t h a t  most \ ,, 

l a rge  as t c ro ids  must be expected t o  have been cat. ; t roph ica l  l y  fvagmented wi t h i n  the  l a s t  
several b i l l i o n  years. Provided t h a t  5% t o  10% o f  the  k i n e t i c  energy i s  a v a i l a b l e  f o r  
fragment d ispersa l ,  most l a rge  as te ro ids  have l i f e t i m e s  aga ins t  d i s r u p t i o n  sho r te r  than the 
age of the  s o l a r  system even w i t h  the  present low popu la t ion  dens i ty .  Thus those t h a t  we 
see now must be e i t n e r  (a )  fragments o f  r a r e  l a r g e r  bodies t h a t  chanced never t o  have been 
converted i n t o  a " p i l e  o f  boulders"  by e a r l i e r  ca tas t roph i c  inpacts  p r i o r  t o  ca tas t roph i c  
d i s rup t i on ;  o r  ( b )  remnants of r a r e  l a r g e r  bodies t h a t  chanced t o  escape d i s r u p t i o n  and 
have been w h i t t l e d  down by gradual erosion.  Since the c h a r a c t e r i s t i c  l i f e t i m e  aga ins t  
ca tas t roph ic  fragmentation var ies  roughly as the  square-root  o f  the  a s t e r o i d  diameter, a1 1 
small as tero ids  must be regarded as being Inu l t i -genera t ion  and/or recent  fragments o f  4 

l a r g e r  bodies. These expectat ions a re  i n  accord w i t h  several  observat ions:  a s t e r o i d  spins 
are  thcse expected fo r  a c o l l i s i o n a l l y  evolved popu la t ion  (Ha r r i s ,  1978) and a s t e r o i d  1 
shanes seem t o  be i r r e g u l a r  ekcept. f o r  as tero ids  s u f f i c i e n t l y  l a r g e  and weak t h a t  g r a v i t y  . L 

induces sphe r i c i  t y  . 
( 2 )  Astero id  size-frequency d i s t r i b u t i o n s  are  n o t  expected t o  be l i n e a r  on a 199-log I 

p l o t .  I t  had been argued p rev ious l y  t.hat a l l  as te ro ids  (Dohnanyi, 1972) o r  a t  l e a s t  c o l l i -  
s iona l  l y -evo lved C-type as tero ids  (Chapman, 1974) should e x h i b i t  such a l i n e a r  d i s t r i b u -  
t i o n .  But two e f fec ts  lead t o  n o n l i n e a r i t i e s :  ( a )  t he  e f f ec t s  o f  g r a v i t y  ho ld ing  together i 

ftaagmented ob jec t s  u n t i l  supercatastrophic c o l l i s i o n s  d i s r u p t  them, and ( b )  the  i n t e r a c t i o n  I '  ' of populat ions o f  d i f f e r e n t  s t rengths .  F igure  2 i 1 l u s t r a t e s  on.? run  o f  the Chapelan-Davis 

t : prc.gram, r e s u l t i n g  i n  non l inear  s i z e - d i s t r i  bu t ions  f o r  two types o f  as tero ids  t h a t  mimic 

- 1  . :  

1 1 ,  1 1. .; 
I / 
1 I *  

i 
4 
I 
i .  

i i would r e s u l t  i n  d iminished 7roduct ion  o f  
middle-s ized as tero ids .  The dashed curves 

' i 
show the evolved C and S populat ions a f t e r  

I 4 x l oS  years. P lo t t ed  f o r  comparison a re  
bias-corrected frequencies o f  C and S 

1 ., : a5 tero ids  observed today ( Z e l l  ner and 
Bowell, 1977). The f requer~cies are per 
i n t e r v a l  o f  w id th  0.1 i n  l o g  diameter. 
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r a t h e r  c l o s e l y  the  observed d i s t r i b u t i o n s  f o r  C and S types. 
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Fiy .  2. Comparison of Chapman/Davis evolu- 
MODEL EVOLUTION 

t i o n  model d i t h  observat ions.  f o r  t h i s  AFTER 4 r  los YVR 

p a r t i c u l a r  run, i n i t i a l  s i z e - d i s t r i b u t i o n s  
were chosen ( s o l  i d  1 ines)  t o  model tbe  type 
o f  scenar io descr ibed by Chapman (1  976). 
C and S as tero ids  were taken t o  have crush- 
i n g  strengths o f  5 . 10' and 2 x l o i 0  dynes 
c r 2 .  and dens i t i es  o f  3 and 5 gm cm-3, 
s imu la t i  ng carbonaceous and i r o n - r i c h  
as tero ids  r e s p e c t i v e l j .  Impact s t rengths  
were taken t o  be 6,:. o f  crushins strengths.  
Themass of the  l a rges t  fragment invo lved 
i n  a scpercatastrophic d i s r u p t i o n  was z 

I / 

t .  
, 

I, 

i a 

! 
: I -  
I * 

I .  
I , 

\. i : : ,  
1 ;  

taken t o  be one-eighth the o r i g i n a l  mass; 5 
much smal ler  f r ac t i ons ,  depending on energy o 30 - 
densi ty.  might  be more appt,opriate and w 

a 
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( 3 )  The p reben t  a s t e r o i d  p o ~ u l a t i o n  mr;c be a  remnant o f  a  much l a r g e r  e a r l y  popu la -  i- 1 ' 
,'I i 1 ,  
' ; -1 , 

t i o n  (Chapman and Dav is ,  1975). F i g u r e  2 i r .  t y p i i d l  o f  v i r t u a l l y  a l l  runs  o f  t h e  c o l l i s i o n  
e v o l u t i o n  model i n  t h a t  i c p u t  p o p u l a t i o n s  o r d e r s  o f  n a g n i t d d e  g r e a t e r  th,ir: + t ~ c  p r e s e n t  b e l t  
(such as " i n p u t  C" i n  F i g u r e  2 )  always decay t o  d i s t r i b u t i o n s  approx in ia t inn  t h ?  p r e s e n t  
b e l t  ( i n  b o t h  s l o p e  and i n t e r c e p t )  a f t e r  sevc-d l  b i l l i o ~  years .  The onl: r i a l  1;1qe 
p o p u l a t i o n s  t h a t  f a i l  t o  e v o l v e  t o  t h e  p r e s e n t  b e l t  a r e  those i n  whi - t i  ..r' o f  t h e  iiiass i s  
o r i g i n a l l y  s t o r e d  i n  bod ies  s u b s t a n t i a l l y  l a r g e r  t h ~ n  Ceres a~snroach;. . :undr  ~ i ~ e .  Note 
t h a t  r e s u l t  ( I ) ,  t h a t  as te ro id ;  a r e  h i g h l y  fragmented, ddes n o t  depend nr: t h e  :.irly a s t e r -  
o i d  p o p u l a t i o n  b e i n g  more populous than  today;  ~ I V Y , ~ ? I T  irncact r a t e s  ?&.- ,uf : i c i e n t l  y  h i  qh 
t o  l e a d  t o  h i g h  f ragmenta t ion  r a t e s .  even if t h e  a s t e r o i d  b e l t  o r i f  ' .. ;y c o n t a i n e d  o n l y  a  
f r a c t i o n  more miss than  i t  does today .  I n  f a c t .  the  p resen t  d i s t r i t u t i o n  ~ n d  n a t u r e  nf 
as:eroids may p r o v i d ?  c l u e s  as t o  whether  t h e  p o p u l a t i o n  t r u l y  was ? i r e d t e r  i n  t h e  p a s t .  
Chapman and Dav is  (1975)  arqued t h z t  t h e  be1 t r l ~ ; i l l i '  have t e e n  ~ 3 0 0  t in!es more p o p u l ~ ~ u s  
based on t h e  c h a r a c t e r i s t i c s  o f  an i n f e r r e d  r e i ~ m ~ n t  popu la t io r r  cjf vet y  s t ~ . o n g  I r.oti-, , I c.b 

o f  p r e c u r s o r  bod ies .  T h i s  i n f e r e n c e  i s  h i g h l y  nlodel-dependent a~:d s h o ~ l l d  n o t  be r c s a r d c d  
as a  secure d e t e r m i n a t i o n  o f  t h e  e a r l y  a s t e r o i d  p o p u l a t i o n .  

Severa l  sources o f  u n c e r t a i n t y  r e q u i r e  emphiisis. F i r s t .  because ,f t t ie r e l a t i  v e l y  
l a r g e  va lues o f  y s u f f i c i e ~ ~ t  f o r  c a t a s t r o p h i c  t r a g ~ ~ e n t a t i o n ,  t h e  e v o l u t i o n  o f  main b e l t  
a s t e r o i d s  o f  observab le  s i z e s  depends on t h e  f requency o f  very-much-smal l e r  a s t e r o i d s - -  
those  t o o  s m a l l  t o  have measured sur face  ~ o r n p o s i t i o n s  and o f t e n  so s l l ia l l  as n o t  t o  have 

1 - 
: [ r 

been d iscobered  o r  s a q ' e d  a t  a1 1. Thus f u t u r e  o b s e r i d t i o n s  p e r t a i ~ ~ i n q  t o  t h e  freque::cy 

I 
I ,  

and p r o b a b l e  bul l ,  conlposi t i d n s  o f  a s t e r o i d s  111 t h e  100 111 - 10 hm s i ~ e  range wosld he verb 
i m k o r t a n t .  Second, more rxper i l i l en ta l  and t h e o r e t i c a l  work i s  necessarey t o  u ~ ~ d e r - s t ~ n d  tioh 1 ii p r o j e c t i l e  k i n e t i c  energy i s  p a r t i t i o n e d  i r t o  c i r rm~ inu t ion  errerqy and e b p n c i s l l y  i n t o  c j a :  t.1 

o r  f ragmenta l  k i n e t i c  enerqy. Larqe fl~::n?itiec, o f  ener-qy c o u l d  be o a r t i t i o n e d  i n t o  heat  
w i t h o u t  n e c e s s a r i l y  m e l t i n g  n ia jor  amounts c f  r o c k .  Should itiuch l e s s  t h s n  1  o f  t h e  energv 
oe a v a i l a b l e  f o r  k i n e t i c  energy. a s t e r o i d  l i f e t l n ~ e s  miqh t  tle iiiuch l o n q e r  than  we t b ' n k .  
Should s m a l l e r  f r a c t i o n r  o f  energy t ? ~  3vai l ;ble comminution t h r o ~ g h o u t  t h e  a i ! t ~ - o i d a l  
V O ~ U X  than  i s  t r u e  a t  l a t o r a t o r y  scu les .  asteroids r l i q h t  be l e s s  f r ' ~ q ~ - ~ c n t c d  t h d ~ ;  :.e t h i n h .  

A:TE?\)I D REGQL I THS 

I ,  I , 
Lunar s c i e n t i s t s  have deve1opc.d a  col~iprehensi VP unders tand ing  o f  t h e  1  w a r  rego1 i t h  

, 

1 
(Langev i n  ,lnd Arno ld .  1977). A s t e r o i d  reg01 i t h s  have r e c e i v e d  I i t t l e  a t t e n t i o n ,  however. 
Most  d i s c u s s i o n  has concerned p o s s i b l e  p a r t i c u l a t e s  i n   he o p t i c a l  s u r f a c e  l ~ y c r  t h a t  

! 

would i n f l u e n c e  p o l a r i m e t r i c  p r o p e r t i e s  (,.:'. . D o l l f u s .  1371. and d i \ c u s s i c r :  o f  t h a t  ;jdpc*. 
by Anders j n d  Chapman; a l s o  D o l l f u s  ,-: .I:. , 1977) .  More r e c e n t  i n t e r e s t  i n  d i t e r o ~ d  1-et;o- 

i 
i j 

j 1 

1 l i i h s  has come fron! n i e t e n r i t i c i s t s  who ~ ' e q u i r e  env i ronments o f  s u b s t d r ~ t i a l  v o l u ~ r ~ c  i n  which 
t o  produce t h e  numerous g a s - r i c h  and b r e c c i a t e d  n ~ e t e o r i  t i e ;  (:f. . Macdouual l  ,.. 2 : .  . 1J:J\ 
I f  a b t e r o i d  r e g o l i t h s  are,  i n  f a c t .  so t t ~ i c l ,  as t o  c o n s t i t u t e  a  s u b s t a n t i d l  p o r t i o n  o f  
a s t e r o i d  vo lu~nes ( t . g . ,  as argued by Anders, I!?'&, 1978). then  nmdels o f  t h e  i l l 1 1  i s i o n a l  

I! 
e v o l u t i o n  and 1  i fe t imes  o f  wl iole a s t e r o i d s  lriust take  r e q o l  i ths  i n t o  hccount . s l n c e  cr.dte!- 

; volumes and e j e c t a  v e l o c i t i e s  fr impacts i n t o  r e g o l i t h s  a r e  very : i f f r i . i .~~ I  In,!? f l y ; -  i l . 5 -  

t 
pac ts  i n t o  rock  (see  p rev iouq  sec t  i c n ) .  

I 
I 
i 

A s t e r o i d s  d i i f e r  fr-or. :t~e Moon i n  two i ~ n p o r t a n t  respec ts .  f i ~ . s t .  ill !hc d a t e r o l d  b e l t  
t h e  f l u x  o f  i m p a i t i n q  s b j ~ .  t s  k111 d ld lne te r  i s  r,)lrghly t h r e e  o r a e r s  o f  ~. :a i l r i i tudr  u r e d t c t -  
than  i n  n e a r - E a r t h  space. Second. as: t l ro id  q r a v i t i e z  a r e  irluch l e s s  thao lundr. ~ l t . a v i t v .  
w i t h  escape v e l o c i t i e s  t y p i c a l l y  rat3 i n g  f rom meters p e r  second t o  hundreds o f  nteters [?PI' 

second. Lesser  c o n s i d e r a t i o n s  a r e :  ( a )  impact v e l o c i t i e s  a r e  l.:wet' i n  t h e  be1 t thL111 (01- 

t h e  Y o o ~ ;  it- ) a s t e r o i d  con~posi t i o n s  d r e  genera l  l y  d l  f f e r e n t  f rom 1  u r ~ s r  i i ? ~ n t w s i  t i o ! ] ;  
! c )  most a:reroids a r e  mere i r r e g u l a r  i n  shape than  t h e  Mom; and ( d )  a s t e r o i d 5  sp l l ;  t.t.l.1- 
t i v e l y  r f i r , i a i y .  . . 

i 
i 
1 ;  
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Housen e t  a l .  (1978) have developed a  model of as te ro id  r e g o l i t h  evo lu t ion .  I t  con- ) . . ,  , 

s iders  the  bu i ldup and t r o s i o n  of r e g o l i t h s  on as tero ids  from the t ime an as te ro id  i s  : ..+ , / .  ! 

created w i t h  a  bare surface t o  the t ime an as te ro id  i s  s t ruck  by a  s u f f i c i e n t l y  l a rge  im- I ,  I 

pact so t h a t  i t  i s  ca tas t roph ica l l y  fragmented. A t  t h a t  po in t ,  the  whole as tero id ,  i f  i t  ,..; I 

i s  not  dispersed, i s  converted i n t o  a  " p i l e  o f  rocks" o r  a  megaregolith. Housen e t  a t .  *: . 

d i s t i n g u i s h  between a  " t y p i c a l  region" on an as te ro id  and a typ i ca l  l o c a l i t i e s  where occa- :. - . ,  . 
s iona l  sparsely scat tered l a rge  impacts have occurred. The depth o f  r e g o l i t h  i n  the  typ-  . I  . ' 

i c a l  region i s  determined by compet i t ion between processes t h a t  c reate  r e g o l i t h  and those . !  I 

t h a t  erode and e j e c t  i t. Regcli  t h  i s  created by the depos i t ion  o f  e jec ta  f r o m  the l a r g e  . , 
, . . .  

c rd te rs  outs ide of  the  t y p i c a l  region. Regol i th  i s  a l so  created by small era-ers i n  the 
I '  _ 

t y p i c a l  reg ion (and e l  sewhere) t h a t  penet ra te  e x i s t i n g  reg01 i th,  comminute basement rock, 
and spread t h e i r  e jec ta  around the t y p i c a l  rzgion.  Regol i th  i s  l o s t  by the e j e c t i o n  of  .:: 1 .. , 

some p o r t i o n  of  c r a t e r  e jec ta  a t  greater  than escdpe ve loc i t y .  & ' - I  I 
. t  ' 

An essent ia l  assumption o f  the  Housen e t  al. laodel, i n  i t s  present s t a t e  of  develop- 
ment, i s  t h a t  c r a t e r  e jec ta  are  widely d i s t r i b u t e d  around an as tero id .  F igure  3 shows how 
e jec ta  d i s t r i b u t i o n s  are  l o c - l i z e d  on la rge bodie-, such as the Moon, cnd on smal ler  bodies - 1  , ' 

of sandy composition. But on s t i l l  smal ler  sandy bodies ( / I 0  km diameter), o r  on rocky 
bodies smal ler  than a  few hundred k i lometers diameter, the  predominant e jec ta  v e l o c i t i e s  
approach escape v e l o c i t y  and the f r a c t i o n  of e jec ta  t h a t  f a i l s  t o  escape surrounds the 
as te ro id  w i t h  a  blanket o f  roughly uni form thickness. L ,  

l i '  
, . 

Fig. 3. Schematic i l l u s t r a t i o n  o f  the  d i s -  F.900N AS I EFiOlD 
t r i b u t i o n  o f  c r a t e r  e jec ta  on Moon-sized and 
asteroid-s ized bodies w i t h  rocky an@ sandy 
substrates. Typical t r a j e c t o r i e s  are  shown. 
Ejecta v e l o c i t i e s  are  greater f,.om c r z t e r s  
created i n  rocky surfaces. Ejecta blankets 
are  r e l a t i v e l y  l oca l i zed  on a  Moon-sized 
body but  may completely surround an as ter -  
oid, espec ia l l y  a  small, rocky one. Ver- 
t i c a l  r e l i e f  i s  exaggerated 10: l .  

a 
V) 

I I j I 
1 .  

The incremental s i z e - d i s t r i b u t i o n  o f  i n t e r p l a n e t j r y  debr is i s  bel ieved t o  be roughly 
described by 3 power law w i t h  an exponent between -3  and -4. Such a  d i s t r i b u t i o n  i s  char- 
ac ter ized by having the predominant surface area i n  tne  smail s i z e  f r a c t i o n s  but  t he  pre- i 
dominant mass i n  the l a rge  s i ze  f rac t ions.  Provided t h a t  energy-scal ing app l ies  (i.e. , 
c r a t e r  volumes vary as p r o j e c t i l e  volumes f o r  constant  impact v e l o c i t y ) ,  an as te ro id  sur-  
face area i s  predominantly covered by srnal: c ra ters ,  y e t  most o f  t he  e jec ta  are produced 
by the l a rges t  c ra te rs .  I t  i s  f o r  t h i s  reason t h a t  i t  i s  usefu l  t o  study the " t y p i c a l  
region" described above, which i s  defined as tha t  s p a t i a l l y  evo lv ing f r a c t i o n  o f  an as ter -  
o i d  surface t h a t  contains c ra te rs  smal ler  than Ds, the  diameter o f  the  l a rges t  c r a t e r  t ha t  
"saturates" the surface of t hc  as tero id .  (D, i s  obtained by i n t e g r a t i n g  the areas o f  a l l  
la rge c ra te rs  formed from t = 0 t o  the cu r ren t  time-step, from the l a r g e s t  c r a t e r  down t o  
c ra te rs  o f  diameter D,, const ra in ing the t o t a l  area t o  be one- th i rd  o f  the  area o f  the t 

asteroid.  Thus, two-thi rds of  the as te ro id  surface i s  deemed t o  be " t y p i c a l  . " )  As t ime 
evolves, la,-ger and l a r g e r  c ra te rs  con t r i bu te  t o  sa tu ra t i ng  the surface, so P3 increases 
and the " t y p i c a l  region" changes shape t o  inc lude t.hem and t o  exclude recen t l y  formed 
c ra te rs  l a r g e r  than D,. I 
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surround t h e  as te ro id  w i t h  e jec ta .  Local gardening and eros ion must occur on such bodies 
as on o the r  asteroids,  bu t  depos i t ion  from large,  d i s t a n t  c ra te rs  i s  n o t  un i fo rm across . :  ? 1 
t he  t y p i c a l  region. Instead, there  are  regions adjacent t o  a t yp i ca l  regions w i t h  much I .. 
grea te r  depos i t ion  and regions f a r  from a t y p i c a l  regions w i t h  much less  depos i t ion  than 
would be ca lcu la ted by the model. 

housen 3t a2. have var ied model parameters. The f o l l o w i n g  canclusions seem t o  be . , 

reasonably secure. Small (e.g.  , 10 km diametetv) rocky as tero ids  generate v i r t u a l l y  no 
reg01 i t h  and simply erode away u n t i l  the  as te ro id  i s  ca tas t roph ica l l y  d isrupted.  Rocky 
as tero ids  of > I00 km diameter generate r e g o l i t h s  o f  hundreds of meters i n  depth, b u t  the  
r e g o l i t h s  a re  very poo r l y  rr~ixed compared w i t n  the f a m i l i a r  l una r  case. Small (10 km), ! :  
weakly cohesive as tero ids  generate a  few meters of poo r l y  mixed r e g o l i t h .  Large, weak I 

astero ids  have n o t  been t reated hecause o f  the i n a p p l i c a b i l i t y  o f  the  u i~ i f o rm-depos i t i on  
assumption, bu t  may be expected t o  have l a rge  but  va r iab le  depths o f  r e g o l i t h .  Regol i tns  1 
on such asteroid,  a re  b e t t e r  mixed than on o the r  as tero ids ,  but  probably are  l ess  we l l -  
mixed than the l una r  r e g o l i t h .  ' , 

I ; '  

The upper couple of  meters of  lunar  mare r e g o l i t h  i s  the  c l a s s i c  r e g o l i t h .  Since 
Apollo, meteori t i c i s t s  have recognized some s i m i l a r i t i e s  between meteor i tes and luna r  so i  1s 
and breccias.  But there  are important  differences, mainly i n  tne sense t h a t  the r e g o l i t h s  
on meteor i te  parent-bodies a re  l ess  "mature" than the l una r  r e g o l i t h .  This i s  understand- 
ab le  because meteor i tes sample greater  depths than do lunar  samples and because as te ro id  
r e g o l i t h  processes d i f f e r  from those occur r ing  a t  the  lunar  surface. 

Although i t  i s  beyond the  scope a f  t h i s  paper t o  descr ibe ways t h a t  meteor i tes are 
produced and de l i vd red  from the  as te ro id  b e l t ,  su, f f ice i t  t o  say t b a t  because the as te ro id  
s i z e - d i s t r i b u t i o n  contdins most volume i n  l a rge  bodies i t  i s  requ i red t h a t  meteor i tes must 
come c h i e f l y  from large-scale c o l l i s i o n s .  The exact sca le  o f  c o l l i s i o n s  depends on the 
e f f i c i e n c y  w i t h  which meteor i tes are  de l i ve red  t o  Earth from var ious c o l l i s i o n s ,  but  mete- 
o r i t e s  must t y p i c a l l y  sample parent-bodies t o  depths o f  k i lometers.  Thus, tne  11;nar rnega- 
r e g o l i t h  (and examples o f  i t  among high?and brecc ias)  prcvides a  b e t t e r  analog f o r  meteor- 
i t e s  than does the s u r f i c i a l  r e g o l i t h  studied from luna r  core tubes 2nd o the r  means. The 
s i z e  d i s t r i b u t i o n  o f  lunar  c r a t e r i n g  p r o j e c t i l e s  t h a t  y i e l d  c r a t e r s  w i t h  depths greater  
than a  few hundred meters i s  known t o  be r e l a t i v e l y  shallow on a  log- log p l o t ,  y i e l d i n g  
more b lanket ing and less  r e p e t i t i v e  gardening than i s  t r u e  a t  smal ler  scales; the same 
should be t r u e  o f  as te ro ida l  r e g o l i t h s  samp:ed a t  depth. 

T:tln factors app l i cab le  t o  smal ler  and r o c k i e r  as tero ids  t h a t  d i s t i n g u i s h  them from the  
Moon ;ii.e e j e ~ I ; ' ? n  o f  substant ia l  f r a c t i o n s  t o  space and depos i t ion  from a fa r .  Both fac to rs  
tend t o  reduce the chat~C?q t h a t  a  g r a i n  can be repeatedly bombarded. A f te r  p a r t i c i p a t i o n  
i n  on l y  one o r  a  few craterit , ,? events, t he  p r o b a b i l i t y  becomes great  t h a t  a  near-surface 
g r a i n  i s  e jec ted t o  space. Also, e;ch s izeab le  impact anywhere on the as te ro id  r e s u l t s  i n  
depos i t ion  o f  a  l a y e r  tha t  p ro tec ts  a  grai,; from being invo lved i n  a  c ra ter - fo rming event. 
Another d i s t i n c t i o n  between as tero ids  and the Mob;: i s  t h a t  the daitiage done by an impact a t  
5 km/sec i n  the be1 t i s  much less  than t h a t  done a t  % 1 5  "/see on the Moon; thus a g g l u t i -  
nate format ion should be much reduced on asteroids,  compared ni +h the Moon, even i i a1 1  
o the r  fac to rs  were equal. I n te rp lane ta ry  comparisons of  reg01 i t h  matur i t y  have been made 
by Matson e t  at. (1977). 

The Housen e t  at. r e g o l i t h  product ion model f o r  smaller, r o c k i e r  as tero ids  impl ies  
t h a t  any impact i n  an a t y p i c a l  reg ion would b lanket  the  r e s t  o f  the  body w i t h  e jec ta  from 
t h a t  l o c a l i t y .  I n  e f fec t ,  such as tero ids  "pa in t  themselves gray" ( o r  whatever c o l o r )  dur- 
i ng  each major impact event, masking whatever composit ional heterogenei ty may 1 i e  beneath. 
I n  r e a l i t y ,  of  course, a  c r a t e r  volume o f  e jec ta  i s  no t  spread un i formly  over all as tero id ,  
bu t  musl c l u s t e r  somewhat due t o  va r iab le  e j e c t i o n  v e l o c i t i e s  and angular heterogenei t ies 

I (:.g., l una r  r ~ y s ) .  Furthermore, t he  coarser the e jec ta  arc ,  w i thout  a  preponderance u f  
f ines, the  l a r g e r  a  c r a t e r  must be f o r  i t s  e jec ta  t o  mask the e n t i r e  surface o f  an as te ro id .  
I n  the  absence o f  any f i r m  cons t ra in t s  on e jec ta  t r a j e c t o r i e s  and s i z e  d i s t r i b u t i o n s ,  i t  
might merely be noted t h a t  v i r t u a l l y  a l l  measured as tero ids  are  compos i t iona l ly  homogeneous 



-- 

o dif fe rences  are  

asceroids o f  any s ize.  

CRATERING ON SMALL BODIES 

Nost o f  our  experience i n  studying l una r  and p lanetary  c r a t e r i n g  processes has i n -  
volved the Moon and l a r g e r  p lanets.  With Fh r ine r  and V ik ing imagery of Phobos and Deimos 
now ava i l i ib le ,  there nave been i n i t i a l  attempts t o  underztand the c r a t e r i n g  records on much 
smal ler  bodies. Some i n t e r p r e t a t i o n s  have been formulated i n  terms app l i cab le  t o  l a r g e r  

There are two major d i f f e rences  between mart ian sate1 li tes and as tero ids  o f  s i m i l a r  
s ize.  F i r s t ,  the  impact ra tes  are f a r  iess i n  the v i c i n i t y  o f  Mars than i n  the as te ro id  
be1 t. Secorld, e jec ta  t h a t  escape Phobos and Deimos r a r e l y  i f  ever can escape the g r a v i t y  
o f  Mars i t s e l f .  As argued by Soter (1971), the e jec ta  o r b i t  Mars; eventua l ly  most of t h i s  
may be reaccumulated by the s a t e l l i t e s .  Because o f  t h i s  e f f e c t ,  the  mar t ian  s a t e l l i t e s  may 
be i i k s  the Moon i n  t h a t  most e jec ta  re turns  t o  the bodj .  bu t  u n l i k e  the Moon i n  t h a t  e jec-  
t a  a re  r a t h e r  u n i f o r v l y  d i s t r i b u t e d  over the whole sate111 ie. 

Craters have been used t o  address a  number o f  important  p l a n e t o l c j i c a l  quest io is ,  i n -  
c lud ing  the r e l a t i v e  and absolute ages o f  u p i t s  and the e f f e c t s  o f  endogenic processzs on 
p lanetary  surfaces. A c r i t i c a l  quest ion i n  a l l  i n t e r p r e t a t i o n s  o f  c r a t e r i n g  populatif,ns i s  
whether o r  n o t  the  c r a t e r  populat ions are i n  equi 1 i b r i um between cra ter - fo rmat ion and c r a t e r -  
dest ruc t ion .  Th, most important  c ra te r -dez t ruc t i on  process on a  body tha t  i s  geo log i ca l l y  
"dead" i s  the c r a t e r i n g  process i t s e l f  ( o v e r i ~ p ,  erosion,  and depos i t ion  o f  e jec ta ) .  I t  has 
been commonly thought (cf. , Thomas and Veverka. 1477)  t h a t  the c r a t e r  populat ions on Phobos 
end Deimos are  "saturated" ( i . e .  , i n  equi 1  i b r i um wi tii the c r a t e r i n g  process) because c r a t e r  
d e n s i t i e s  approach a  l una r  " sa tu ra t i on  curve" due t o  Hartnann. But the  d i f f e rences  bet 1 



mart ian s a t e l l i t e s  and the  Moon described above y i e l d  d i f f e r e n t  expected s a t u r a t i o n  den- 
s i t i e s .  I n  p a r t i c u l a r ,  one would expect h i  her sa tu ra t i on  dens i t i es  on mar t ian  s a t e l l i t e s ,  
f o r  a t  l e a s t  two reasons: (1 )  Marcus (19707 has shown t h a t  the e q u i l i b r i u m  c r a t e r  dens i ty  
var ies inverse ly  as the  logar i thm o f  the dynamic range o f  the  c r a t e r  dimensions. Since 
the l a rges t  c r a t e r  on Phobos i s  much smal ler  than l una r  basins, t he  s a t u r a t i o n  dens i t y  o f  
small c ra te rs  on Phobos should be higher than f o r  c r a t e r s  of the same s i z e  on the t'loon. 
(2) To the ex ten t  t h a t  c r a t e r  e jec ta  a re  w ide ly  d i s t r i b u t e d ,  hence t h i n ,  on small bodies, 
moderately l a rge  c r a t e r s  on small bodies cannot be o b l i t e r a t e d  by b lanket ing,  whereas 
those proximate t o  c r a t e r i n g  events can be o b l i t e r a t e d  on l a rge  bodies. 

Further ana lys is  o f  c r a t e r i n g  on small bodies i s  required,  b u t  i t  seems l i k e l y  t h a t  
the apparent ly sub-saturated c r a t e r  populat ions on Phobos and Deimos imply t h a t  the  sur-  
faces of  these bodies a re  r e l a t i v e l y  "fresh." This cou ld  have resu l ted  from the c rea t i on  
o f  these s a t e l l i t e s  by fragmentation o f  l a r g e r  precursor bodies a t  a t ime s u f f i c i e n t l y  re-  
cent  t h a t  s a t u r a t i o n  has no t  y e t  been reached. Such a s i t u a t i o n  i s  no t  unreasonable, s ince 
the probabi 1 i ty o f  ca tas t roph ic  f ragmentat ion becomes la rge  as sa tu ra t i on  i s  approached, 
provided (as seems t o  be t r u e  f o r  c ra te rs  l a r g e r  than about 1 km) the s lope o f  t h e  incre-  
mental power-law descr ib ing the c r a t e r i n g  d i s t r i b u t i o n  has an absolute value $3. Surely, 
i n  the as te ro id  b e l t ,  and poss ib l y  near Mars, the  impact ra tes  are  so h igh  t h a t  the  l i f e -  
times of small bodies a re  much sho r te r  than the age of  t he  s o l a r  system. Therefore, c r a t e r  
counts on asteroids w i l l  p rov ide in format ion p e r t i n e n t  t o  recent epochs on l y  and cannot 
shed l i g h t  on absolute o r  r e l a t i v e  chronologies o f  e v e n s  happening e a r l i e r  i n  s o l a r  sys- 
tem h i  s tory .  
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DISCUSSION 

VEVERKA: Could you sumlr~arize f o r  me the  physics o f  breaking up an ob jec t?  
CHAPMAN: There i s  a c e r t a i n  k i n e t i c  energy i n  the p r o j e c t i l e ,  which i s  w e l l  defined and 
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CHAPMAN: That i s  r i g h t .  What i s  t he  s i z e  d i s t r i b u t i o n  of c r a t e r  e jec ta  o r  fragments o f  
some l a r g e  broken up as tero id? We don ' t  have any experiments on t h i s  scale. Cer ta in l y  'q . experiments have been done over a  range of s izes on a  labora tory  scale,  and I be1 ieve  

, , , 
t he  basic physics i s  understood. When you impact something a  shock wave w i l l  propagate . .'! i : . . 
across the  body. You are  going t o  depos i t  more energy per u n i t  volume near the p o i n t  , - I  j . 
of impact than you do fa r the r  away. So on a  q u a l i t a t i v e  l e v e l ,  a t  leas t ,  one can be . .  _ 
q u i t e  sure the t a r g e t  i s  smashed up i n t o  a  l o t  of small p a r t i c l e s  r i g h t  a t  the p o i n t  

, , 
where the impact occurred. The f a r  s ide  of the  body w i l l  s p l i t  apa r t  i n t o  a  few b i g  .4 

pieces simply because a  few f rac tu re  planes went through. I would add, however, t h a t  . . 
1 8  

t he  v e l o c i t y  associated w i t h  the r e s u l t i n g  fragments i s  a l so  c r i t i c a l .  The low g r a v i t y  
of an as te ro id  i s  a  very fundamental c h a r a c t e r i s t i c ;  u n l i k e  the  Moon where a l l  the  
e jec ta  f a l l s  back, f o r  an as te ro id  some r e a l l y  s i g n i f i c a n t  f r a c t i o n  of t he  e jec ta  es- i - ; I 

capes. 1 : , !  
ZELLNER: What i s  the  t ime sca le  i n  the present as te ro id  b e l t  t o  c r a t e r  a  f r e s h l y  broken , 

sur face? i , i CHAPMAN: The lunar  mare surfaces are  saturated w i t h  c r a t e r s  l ess  than about 100 m i n  diam- 
. . e te r .  So i f  you are  t a l k i n g  about t h a t  s i z e  c r a t e r  and if the  t ime sca le  i s  th ree 

orders of magnitude sho r te r  than f o r  the  Moon, then the surface i s  c ra tered i n  about 
4 m i l l i o n  years. 

VEVERKA: There i s  a  d i f fe rence Detween an e q u i l i b r i u m  dens i t y  and a  sa tu ra t i on  dens i ty .  ,, 
l o  

The l a t t e r  i s  determined by seeing how many c i r c l e s  o f  a  given diameter you can f i t  
i n t o  a  g iven area. But there  w i l l  be fewer c r a t e r s  of a  g iven s i z e  i n  the  equ i l i b r i um , 

. 1  

s i t u a t i o n  because i n  the r e a l  wor ld c ra te rs  are  destroyed by a  v a r i e t y  of processes ) '. 

which are  not  modeled adequately by simply drawing c i r c l e s  on a  plane. Even on a  small . .' 1 
as te ro id  c ra te rs  are  af fected by e jec ta  from other  c r a t e r i n g  events, bu t  t he  e f fec t  may , 
n o t  be as important  as i t  i s  i n  the case of the  Floon. Thus we might expect c r a t e r  den- , 
s i t i e s  higher than those i n  the lunar  uplands, bu t  s t i l l  below the theo re t i ca l  satura- 
t i o n  l i m i t .  The important  quest ion i s  how much higher might  t he  e q u i l i b r i u m  c r a t e r  1 1  
dens i t i es  on a  small body be? I / (  I I 

SHOEMAKER: Q u a n t i t a t i v e l y ,  the  lur jar  c r a t e r  equ i l i b r i um d i s t r i b u t i o n  i s  the r e s u l t  of the i : 
. , smal ler  c r a t e r s  dest roy ing the b i g  ones hy l o c a l  t ranspor t  of sur face ma te r ia l .  Q u a l i -  I , , + .  , 

t a t i v e l y ,  you would expect the  same th ing  t o  happen on Phobos and Deimos because most j , 

of t he  e jec ta  t h a t  escape from these moons i s  swept up again. If you a r e  c o r r e c t  about ' 

as tero ids ,  t h a t  m o s ~  -f the e jec ta  are  l o s t .  t he  e q u i l i b r i u m  dens i ty  w i l l  be higher.  
CHAPMAW: What i s  happening on the Moon happens the way you say i t  does because of the  s i z e  

d i s t r i b u t i o n  of small e jec ta .  Marcus (1970) discussed the  s i z e  d i s t r i b u t i o n  of l a r g e r  
I '  c r a t e r s  on the  Moon f o r  which the  ?reduction func t i on  has a  shal lower slope. I t h i n k  

, ,,. 

,'; 
' I  

i , , I . *  
h i s  concept i s  re levan t  f o r  i n t e r p r e t i n g  the  number o f  moderately l a r g e  c r a t e r s  on , , .  ' t <  

Phobos o r  on any as tero id .  I agree when you g e t  down t o  the  smal les t  c ra te rs ,  where 
the s i z e  d i s t r i b u t i o n  i s  very steep, then i t  happens as you descr ibe.  

GROSSMN: You say t h a t  the impact ra tes  i n  the as te ro id  b e l t  a re  so h igh  and f o r  many 

% t * ;  
1 , .  

' I  I 
as tero ids  a very l a r g e  f r a c t i o n  of impact e jec ta  may be l o s t  from the  body completely. 

i t ,  Has very much a t t e n t i o n  been pa id  t o  the ~ o s s i b i l i t y  t h a t  the  r e g o l i t h s  on some o f  

I i  1 those bodies, maybe many of them, may no t  be from t h e  body i t s e l f  bu t  from others? 
CHAPMAN: Yes, I th ink  t h a t  has been thought about. You can apply t h i s  k ind  of ana lys i s  

t o  see what happens when a  g r a i n  of sand o r  a  t i n y  1  i t t l e  pebble impacts a  l a rge  as te r -  * "  
o id.  I f  you are  i n  a  regime where you are l os ing  most of the  mass by b i g  impacts, you I . 

1 / 

w i l l  probably lose most o f  the  e jec ta  from small impacts, too. The v e l o c i t y  of the  
e jec ta  depends mainly on the v e l o c i t y  of the  impact and i s  near ly  independent o f  t he  
mass o f  the  p r o j e c t i l e .  The small impacts there fore  produce erosion,  too, and there  
i s  a  net  erosional  regime on a l l  as te ro id  surfaces. On the  Moon, where you may cr may 
no t  have ne t  erosion, m t t e o r i  t i c  mater ia l  accounts f o r  2% of t he  reg01 i th.  I t  i s  
going t o  be less  than t h a t  on any as tero id .  + .  

> .  

ANDERS: The amount o f  extraneous ~ l i e t e o r i t i c  ma te r ia l  i n  gas- r ich  achondr i tes ranges be- I 

tween 0.3 and about 5%. So, judging from these meteor i tes,  the  amount of extraneous I 

ma te r ia l  t h a t  f a l l s  on as te ro ida l  r e g o l i t h s  i s  indeed a  small f r ac t i on .  

, ,  l ' !  
3 : 1 . .  

1.' . ,< 

! I 

i \ I  

i ! -' 
I ,  

1 
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h lsh  i s  responsible,  I th ink ,  f o r  the  
e low v e l o c i t y  e jec ta  tend t o  move 

s an e x c i t i n g  p o t e n t i a l .  If i t  were 
s. I t  i s  an experimental f a c t ,  whether 
r e  c lean and stand out. A1 though 
n t .  I d o n ' t  know whether t h i s  e f fec t  
o r  now I am prepared t o  defend i t .  

t h i s  i s  t h e  f i r s t  t ime t h a t  idea has 

c r a t e r  r im? My phys ica l  

and then lands. ( I  am no t  

i s o l a t e d  reg ion of t he  as te ro id  b e l t  fenced o f f  from everywhere e l s e  by several reso- 
nances. The la rges t  ob jec t  i n  there  i s  434 Hungaria which i s  a small ob jec t ,  about 
10 km. I t  i s  no t  r e a l l y  a fami ly ;  there  i s  a group of th ings t h a t  are probably f rag- 
ments from Hungaria gathered around i t  and some more dispersed ob jec ts  which are  very I 

u n l i k e l y  t o  be d i r e c t  c o l l i s i o n  e jec ta  from t h a t  ob jec t .  They are  t y p i c a l  PLS objects,  
1 km size.  So i n  t h i s  reg ion  of the  as te ro id  b e l t ,  as f a r  as we know, there  i s  no way 
t o  rep lace what gets destroyed. You may say they d o n ' t  c o l l i d e  much because t h e i r  

I ( 
\ 

semimajor a x i s  i s  1.9 AU. That doesn ' t  r e a l l y  ho ld  up too we l l  because a l o t  of as ter -  
o ids  g e t  i n t o  t h a t  reg ion and t h e i r  c o l l i s i o n s  w i t h  t h e  Hungarias occur a t  h igh velocity. 



You make up f o r  t h e  s m a l l  number o f  c o l l i s i o n s  w i t h  Jery c a t a s t r o p h i c  c o l l i s i o n s .  
Somehow o r  o t h e r  t h e  Hungar ias a r e  p reserved .  You m i g h t  say i t  a l l  b r o k e  up yes te rday  
and some o f  t h e  f ragments had much nlore v e l o c i t y  than  we thought .  P u t  the11 a l l  t o g e t h e r  
and most o f  t h e  mass i s  s t i l l  i n  434 Hungar ia .  

CHAPMAN: Another  example wh ich  i s  ve ry  p e c u l i a r  i s  t h e  s i z e  d i s t r i b u t i o n  o f  a s t e r o i d s  be- 
tween t h e  2 : l  and 3 :2  c o n m e n s u r a b i l i t i e s  w i t h  J u p i t e r .  They a r e  o u t s i d e  t h e  main b e l t  
b u t  shou ld  have f a i r l y  s i g n i f i c a n t  c o l l i s i o n  i n t e r a c t i o n s .  Yet, t h e r e  a r e  no s l l la l l  
a s t e r o i d s  i n  t h i s  r e g i o n ;  they a r e  a l l  l a r g e .  The PLS tu rned  up a lmos t  no new a s t e r -  
o i d s  j u s t  i n t e r i o r  t o  t h e  H i l d a s .  

SHOEMAKER: An i m p o r t a n t  i s s u e  h e r e  i s  t h e  s i z e  d i s t r i b u t i o n  o f  f rag~nen ts .  There i s  an 
easy " k i t c h e n  exper iment"  one can do t o  see what k i n d  o f  fragment d i s t r i b u t i o n s  you  g e t  
when you a r e  r i g h t  a t  t h e  t h r e s h o l d  between making ,I c r a t e r  on an o b j e c t  and knocking 
t h e  t h i n g  a p a r t .  A l l  you  need i s  a  h u n t i n g  r i f l e  and a  c o l l e c t i o n  o f  rocks .  W i t h  a  
l i t t l e  e x p e r i m e n t a t i o n  you w i l l  f i n d  t h e  c r i t i c a l  r o c k  s i z e .  Once you  pass t h e  th resh-  
o l d  o f  c a t a s t r o p h i c  f ragmenta t ion ,  l o t s  o f  f i n e  f r a g ~ ~ ~ e n t s  a r e  produced. Bu t  t h e r e  i s  
a  c r i t i c a l  i n t e r v a l ,  as t h i s  t h r e s h o l d  i s  approached, where a  p e c u l i a r  v a r i a t i o n  i n  t h e  
d i s t r i b u t i o n  o f  l a r g e  fragments r e l a t i v e  t o  l i t t l e  p i e c e s  i s  found. When I l o o k  a t  t h e  
magni tude d i s t r i b u t i o n s  o f  d s t e r o i d s  i n  some o f  t h e  Hi rayan~a f a m i l i e s  i t  rerninds me o f  
t h i s  c r i t i c a l  range. 

CHAPMAN: The paper  by F u j i w a r a  ct d l .  (1977)  hds sollle in lp rove i~~en ts  i n  t h e  theory  of s i z e  
d i s t r i b u t i o n s  from such m a r g i n a l l y  c a t a s t r o p h i c  even ts  and I t h i n k  t h a t  reg ime i s  b e t t e r  
understood now. 

VEVERKA: When I s a i d  t h a t  t h e  phys ics  m i g h t  be d i f f e r e n t  i n  t h e  case o f  a  t y p i c a l  a s t e r o i d ,  
what I had i n  mind i s  t h a t  even b e f o r e  an a s t e r o i d  s u f f e r s  t h e  u l  t i rna te  c a t a s t r c l p h i c  
impac t  wh ich  demol ishes i t ,  i t  has a l r e a d y  s u f f e r e d  a  whole s e r i e s  o f  s l i q h t l y  l e s s  
severe  c o l l i s i o n s  wh ich  have caused a  l o t  o f  i n t e r n a l  f r d c t u r i n y  and weakening. Thus 
when t h e  b i g  impac t  does t a k e  p lace ,  how t h e  a s t e r o i d  cones a p d r t  111ust be d e t o ~ l r i r i e d  
i n  p a r t  by how i t  was p r e - f r a c t u r e d .  

SHOEMAKER: G a u l t  and Wedekind (1969) d i d  a  r e l e v a n t  exper iment  i n  wh ich  they r e p e a t e d l y  
f i r e d  p r o j e c t i  l e s  a t  spheres. Da~nage was accun~u la ted  i n  t h e  spheres. Thei 1% expet-i l l lent 
i s  an i d e a l i z e d  v e r s i o n  o f  t h e  p r o b l e ~ r ~ .  b u t  I t h i n k  t h a t  t h e i r  r e s u l t s  q i v e  d q u a n t i -  
t a t i v e l y  c o r r e c t  p i c t u r e .  

CHAPMAN: I t  i s  q u i t e  c l e a r  t h a t  t h e r e  ought  t o  b e  many impacts on the  l a r g e r  a s t e r o i d s .  
l a r g e r  than  50 kni o r  so  i n  d iamete r ,  t h a t  a r e  s u f f i c i e n t  t o  break t h e  o b j e c t  up b u t  
i n s u f f i c i e n t  t o  l o f t  l a r g e  p i e c e s  i n t o  space. B e f o r e  you c a t a s t l ~ o p h i c a l l y  r u p t u r e  
s m e t h i ~ i g  e n t i r e l y  and d i s p e r s e  i t  i n t o  a  Hit-ayama f a l l l i l y ,  you  w i l l  have c r e a t e d  b a s i -  
c a l l y  a  p i l e  o f  bou lders .  
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O R I G I N ,  AND C O M P O S I T I O N A L  T Y P E S  . I  
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.L 

E. M. SHOEMAKER and E. F. HELIN 

Diuieion of Geological and Ptanetary Sc' *ences 
CaZifornia Institute of Technology 

Pasadena, California 92125 

Earth-approaching as tero ids  a re  small bodies of s t e l  l a r  appearance 
which pass c lose t o  the o r b i t  of t h e  Earth. Some of these as tero ids  
a re  the  eas ies t  bodies t o  reach by spacecraft, beyond the Moon. 
Physical  observations suggest they have a broad range o f  composit ion 
and t h a t  a t  l e a s t  a few may be the most p r i m i t i v e  s o l i d  bodies t h a t  

B a re  r e a d i l y  accessible f o r  d e t a i l e d  study. Hence they are  o f  spe- 
' I  

A- c i a 1  i n t e r e s t  f o r  exp lora t ion .  A t  l e a s t  two d i f f e r e n t  k inds o f  
. . bodies probably are  represented among the Earth-approaching as te r -  

I oids:  (1)  fragments o f  main b e l t  asteroids,  and (2)  e x t i n c t  comet 
I nuc le i .  The number o f  Mars-crossing as tero ids  appears t o  be s u f f  i- 

' I .  . , 
, , , . . , 

, 

a $  

, , 

- 1 ;  
, . 

1 % 

c i e n t  t o  sus ta in  no more than 20% o f  t he  Earth-crossing as te ro id  r .: :i' . 
popula t ion  i n  steady-state, and the  r a t i o  of the  number of Earth- 

9 crossers t o  Amor as tero ids  (1.02 AL < q 5 1.30 AU) appears t o  be an 
order of magnitude higher than t h a t  expected, if a l l  near-Earth ob- I 

j e c t s  were der ived from Mars-crossers. Hence, a1 though Amor as te r -  ! 
o ids  a re  approximately i n  e q u i l i b r i u m  w i t h  and may be der ived mainly I I 

from shal  lower Mars-crossers, the Earth-crossing as tero ids  are  i n -  
f e r r e d  t o  be p r i m a r i l y  o f  d i f f e r e n t  o r i g i n .  The supply of e x t i n c t  ' , 

sho r t  per iod comets seems t o  be adequate t o  sus ta in  the popu la t ion  
o f  Earth-crossers, b u t  l i t t l e  i s  known about t he  u l t i m a t e  s t a t e  of 1 

degassed comet nuc le i .  I _ 
i .  

' # 5  

Precise phys ica l  observations have been made on somewhat more than 
a dozen near-Earth asteroids.  Observed Amors occupy a broad reg ion i I / :  , . 

i n  t he  U-B versus B-V c o l o r  domain, whereas the observed Earth-  I .  

crossers have a more r e s t r i c t e d  range of co lo r .  The UBV f i e l d s  of I - - .  

observed Amors and Earth-crossers e x h i b i t  moderate overlap. I t  i s  
commonly be1 ieved t h a t  e x t i n c t  cometary nuc le i  might  resemble C-type 
as tero ids ,  bu t  no more than two C-type ob jec ts  have been discovered 
so f a r ,  among the  near-Earth objects.  If Earth-crossers are domi- 4 J 

nan t l y  o f  cometary o r i g i n ,  i t  appears l i k e l y  t h a t  there  are unusual ly < ,  
' ,  

s t rong observat ional  s e l e c t i o n  e f fec ts  which decrease the chances of 
f i n d i n g  C-type ob jec ts  o r  t h a t  t he  expectat ions concerning the  c o l o r  . - 
and o the r  p rope r t i es  of e x t i n c t  comets are  i n  e r r r r .  

INTRODUCTION 

The term Earth-approaching as te ro id  i s  used here t o  Jesignate small bodies of s t e l l a r  
appearance which a re  on o r b i t s  t h a t  a l low them t o  pass r e a r  1 AU. A few of t he  known 
Earth-approaching as tero ids  are  the eas ies t  bodies t o  !each by spacecraft, beyond the 
Noon. Physical  observations o f  these ob jec ts  suaoect t h a t  they have a broad range of com- I 

, . 
pos i t i on ;  some probably are  the  most p r i m i t i v e  s o l i d  ob jec ts  t h a t  are  r e a d i l y  accessible 
fo r  d e t a i l e d  study. 1 t i  

* \ .  

Besides t h e i r  i n t r i n s i c  s c i e n t i f i c  i n t e r e s t ,  the  Earth-appr3actling as tero ids  are  b , ,  
espec ia l l y  a t t r a c t i v e  f o r  exp lo ra t i on  because o f  t h e i r  very small s i z e  and because of I. 

d 
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unusual ly small impulses requ i red f o r  rendezvous a t  aphelion. Landing and escape from 
these bodies requ i res  min lscu le  propuls ion.  A man cou ld  achieve escape v e l o c i t y  from 
most of  them by jumping. For some of the  Earth-approaching as tero ids ,  spacecraft t r a j e c -  
t o r i e s  can be found where t h e  sum of rendezvous and Ear th  r e t u r n  impulses i s  i n  t he  range 
of 2-3 km/sec. Wl~at t h i s  adds up t o  i s  f e a s i b i l i t y  of sample re tu rn .  Much of the s t o r y  
t h a t  these small wanderers have t o  t e l l  concerns the  e a r l y  steps of acc re t i on  of s o l i d  , I  . , 

mat ter  i n  t he  s o l a r  system. But t he  f u l l  s t o r y  can be wrung frm them on ly  w i t h  t h e  i i d  4 i *  

of powerful techniques app l ied  t o  samples i n  l abo ra to r i es  here on Earth. The prospect o f  s . ,  
sample r e t u r n  missions makes the Earth-approaching as tero ids  o f  spec ia l  i n t e r e s t  f o r  ex- , , ' % 

p l o ra t i on .  : ! 
' ' I  

j i 
POPULATIOfiS OF PLANET-CROSSING ASTEROIDS . r  ' 

Somewhat more than 40 Earth-approaching as tero ids  h i v e  been d l  scovered i n  the course : , 
of the  past  80 years of  astronomical observation. Those as tero ids  whizh approach but  do . 
not  cross the present o r b i t  of  t he  Ear th  have been c a l l e d  Amor as tero ids .  This designa- , 

t i o n  i s  app l ied  here t o  a l l  as tero ids  w i t h  p e r i h e l i o n  distance, q, between 1.017 and 
1.300 AU. A l i t t l e  less than h a l f  o f  the  Earth-approaching as tero ids  a re  Amors. The re-  

- : i i  < 

maining ob jec ts ,  w i t h  $ 2 1.017 AU ( t h e  present aphel ion d is tance of the  Earth) ,  a re  
re fer red t o  here as Earth-crossing asteroids.  From the standpoint  of p o t e n t i a l  spacecraf t  
missions, i t  i s  convenient t o  d i s t i n g u i s h  between Earth-crossing as tero ids  w i t h  semimajor I 

axes, a, g reater  than 1 AU, here re fer red t o  by the conventional term A?ol lo  as terc ids ,  
and those w i t h  a 2 1 AU, which w i l l  be designated 1976AA-type asteroids.  A1 1 known Amor I 

and Apo l lo  as tero ids  cross the  o r b i t  of  Mars, whereas the two known examples of 1976AA.- - I 
type as tero ids  do not .  I n  add i t ion ,  there  are  about 50 Mars-crossing as tero ids  w i t h  ! I  

q > 1.3 AU. These w i l l  be designated here simply as Mars-crossing as tero ids  o r  Mars- ? ! 
crossers. 

While the l i n e  drawn between Amor as tero ids  and Earth-crossers i s  use fu l  f o r  d iscus- 
s ion  of spacecraft missions, i t  i s  ra the r  a r b i t r a r y  from the p o i n t  of view of c r b i t  evo- I .  

. #; 
l u t i o n  and o r i g i n  of  these bodies. As a consequence of  secular per turbat ions,  a t  l e a s t  
three known Amors, Quetza lcoat l ,  Cuyo, and Be tu l i a ,  a re  Earth-crossing dur ing p a r t  o f  ! I ; 1 .: 
t h e i r  secular v a r i a t i o n  cyc le  (Wethe r i l l  and Wi l l iams, 1968; Wethe r i l l ,  1976; Wil l iams, 1 ,  

, ' b  = 
persona1 comnunication, 1978). A few o the r  Amors, w i t h  q s l i g h t l y  greater  than 1 AU, may , I 

a lso  be p a r t - t i n e  Earth-crossers. By the same token, not  a l l  as tero ids  w i t h  q 5 1.017 , I  . 
I '  

are  f u l l - t i m e  Earth-crossers. Most Amor as tero ids ,  over long per iods of time, probably 
evolbe i n t o  f u l l - t i m e  ' - r th-crossers as a r e s u l t  of  st rong per turbat ions dur ing c lose  
encounters w i t h  Mars and h i  t h  the Ear th  (Wethe r i l l ,  1976). 

Three surveys i n  which p lanet -c ross ing as tero ids  have been discovered a re  especidi  l y  
usefu l  f o r  es t imat ing the populatton: o f  these ob jec ts :  (1 )  t he  Palomar t ia t iond l  Geo- 
graphic Sky Survey (PNGS), conducted w i t h  the 122 cm Schmidt camera a t  Palomar Mountain, 

\ Ca l i f o rn ia ;  (2)  the L i c k  Proper Motion Survey (LPM). conducted w i t h  the 51 cm astrograph 
a t  L i c k  Observatory, M t .  Hamilton, C a l i f o r n i a ;  and (3 )  the P lanet -Cross i~ lg  Astero id  

\ .?.,: Survey (PCA) condllcted w i t h  the 46 cm Schmidt camera a t  Palomar ttountain. Discover ies o f  
p laf iet-crossing as tero ids  from these three surveys are  l i s t e d  i n  Table 1. Omitted from 
Table 1 i s  the Mars-crossing a s t e r o i d  19490A. discovered i n  the LPM survey. Because on ly  
ob jec ts  r e l a t i v e l y  c lose t o  the Ear th  t h a t  produced long t r a i l s  on the PNGS and LPM p la tes  
dere fo l lowed foi. o r b i t  determinat ion,  ne i the r  the PNGS nor LPM observations a re  s u i t a b l e  
f o r  es t imat ion of the popu la t ion  of Mars-crossers. 

I - 

Combined discover ies from a1 1 three stirveys a r e  used here to  es t imate  the  populat ions , " 

of Earth-approachi ng asteroids,  and d iscover ies  from the PCA s u r v e  a r e  used t o  est imate / I , ' * .  

\. : 

the popu la t ion  of  Mars-crossers. The area of sky photographed as independent f i e l d s  , \ 

(exc lud ing over lap of p la tes )  i s  as Collows: 
H \* 
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1 
............... PNGS Survey 54,000 square degrees A ' , ;  . - 

LPM Survey ................ 44,000 square degrees 
................ PCA Survey 66,000 square degress ( f i r s t  f i v e  years)  I 

! . '  

Estimates o f  the popu la t ions  of g iven c lasses o f  as tero ids  can be obtained by the  
fo l l ow ing  method. The magni tude-frequeccy d i s t r i b u t i o n  o f  each c lass  of p lane t - c ross i ;~g  I 

as tero ids  i s  assumed t o  be of the  form, 

bv 
I 1 

N, = Ye ( 1 )  

where Nv i s  the  cumulat ive number o f  as tero ids  equal i n  abso lu te  magnitude t o  v  c r  br ic jhter ,  
v  i s  the  absolute v i s u a l  magnitude, ~ ( 1 . 0 ) .  and K and b  a re  constants t o  be determined by 
observation. The magnitude-frequency d i s t r i b u t i o n s  o f  bc th  main b e l t  as te ro ids  and inac- 
t i v e  comet nuc le i  f o l l o w  t h i s  simple exponent ia l  law c lose l y ;  the  size-frequency d i s t r i -  
bu t ions  of l a rge  c r a t e r s  ofi t he  Moon, Mars, and Mercury i n d i c a t e  t h z t  p lanet -c ross ing 
as tero ids  must a l so  'lave a  magnitude d i s t r i b u t i o n  o f  t h i s  Form. The c o e f f i c i e n t  i n  the 
expo-!dnt, b, i s  observed . be c lose  t o  1  f o r  a l l  c lasses o f  small bodies. 

The constant  K i n  Eauation ( I )  i s  determined from the systematic surveys by means o f  
the  fo l l ow ing  equation. I 

I i ' 
D 

i 1 1  where Pv i s  the  cumlrlat ive number o f  as tero ids  of a  a i ven  o r b i t a l  c lass  observed i n  a  'ys- 
I temai ic  sklrvey, U i s  the :quare degrees of sky photogi'aphed, and F ( v )  i s  a func t ion  re -  

1 i i a ted  t o  t h f  atea searched i n  each o r b i t  plane, f o r  ob jec ts  of a  g iver  v, when one of the 
1 1 .  modes l i e s  a t  opposi t ion;  i ( v )  i s  a  f unc t i on  r e l a t e d  t o  the mean t ime spent i n  the search 

1 %  
I 

area by as teru ids  o f  a  g iven v, assuming random d i s t r i b u t i o n  of the arguments of p e r i  he- 

i l i o n ;  and I ( v )  i s  a  f unc t i on  r e l a t e d  t o  the mean r e l a t i v e  s i z e  o f  the  search area, f?r ob- 
i j e c t s  of a  g iven v, w i t h  r a n d a ~ l y  d i s t r i b u t e d  long i tudes o f  the node. A node1 of the  
, phu~omet- ic  phase func t i on  and in format ion  on the  frequency dist r ibu ' . iot :s  c f  p e r i  he1 i o n  

and aphel ion f o r  each c lass  o f  ob jec ts  are  requ i red  t o  so lve  F (v ) .  Kncwledge qf frequency 
d i s t r i b u t i o n s  of the  o r b i t a ;  elements a, e, and i f o r  each c lass  of ob jec t s  i s  reqd i red  t o  

j i i solve the func t ions  T!v) arrd I ( v ) .  The requ i red  m p i r i c a l  i n f o n a t i q n  i s  obtained from 
the sample of knowq ob jec ts  i n  each o r b i t a l  c lass .  

! 1 .  
I 

The lower l i m i t  o f  i n t e g r a t i o n  i n  Eqcation ( 2 ) .  vmin, i s  s e t  by the s i n g l e  b r i g h t e s t  1 \ 

/ ; ob jec t  g iven b. Equation ( 1 )  ?*Id i s  found by i t e r a t i v e  s o l u t i o n  f o r  K.  The upper l i n  i t  
of i n teg ra t i on .  vmax. i s  c o n t r o l  l ed  by the e f f e c t i v e  n~agni tude t l l resho ld  o f  d e t e c t i c d  f o r  1 fast-moving object: f o r  a  g iven telescope and photog!'aphic emulsion. As vmax i s  a l so  Oe- 
pendent on the care  w i t h  ..hich p la tes  a re  searched f o r  moving o b j e c t \ .  i t  must be detec-  
mined re t rospec t i ve l y  from the o b i ? c t s  of h ighest  magnitude discovered i n  a  g i ~ e n  survey. 

j i  The values o f  k der ived from Equation ( 2 )  are  higtl:y dependent upon the  independently 
estimated v:!!ies o f  D; the r e s u l t i n g  values of Pv a t  v  = 18, however. a r e  r e l a t i v e l y  i n -  

i i  s e n s i t i v e  t o  p l a u s i b l e  v n c e r t a i n t i e s  i n  b. 

I Estimate> a re  given i n  Table ? Tor the populat ions of the d i f f e r e n t  c lasses of p lanet -  1 
cross ing as te ro ids  t o  absolute v i sua l  magnitude 18 ( ~ a u i v a l e n t  t o  l b o u t  0.7 t o  1.5 km ! 
diameter). E r ro rs  l i s t e d  i n  the t a b l e  are _+ one standard dev ia t io r ,  and a r e  der ived s o l e l y  
from the s t a t i s t i c a l  unce r ta in t i es  associated w i t h  the  small number 01 d iscover ies .  The i \ 
next  l a rges t  sources o f  formal e r r o r  l i e  i n  the determinat ion  o f  v n ~ x  and i n  the  ~ s t i m a -  I .  

b t i o n  o f  b. A l l  o ther  formal e r r o r s  are small by comparison. 9 
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Table 2. Estimated Populations o f  Planet-crossing Asteroids 
- 

Estimate froin Systematic Est imate by Wethe r i l l  
Surveys; Cumulative Num- (1976); Cumulative 
ber t o  V(1,O) = 18 Number t o  B(1,O) = 18 

- 

800 -+ 300 

Amor as tero ids  

Moderate t o  .ha1 low Mars-crossers 10.000 ' 5,000 

Mars-crossing as tero ids  a re  subdivided i n  Table 2 i n t o  two categor ies,  moderate t o  
shallow Mars-crosse~s and Mars-"grazers." This i s  done because two ou t  o f  the  s i x  Mars- 

Also l i s t e d  i n  Table 2 are  estimates o f  the  populat ions (cumulat ive number t o  
' I  i 

6 
B(1,O) = 18) of Earth-crossers, Amors, and shallower Mars-crossers obtained by Wethe r i l l  
(1976) using d i f f e ren t  methods. For t y p i c a l  values of 0-V near 0.8 f o r  p lanet-crossing ' -  
astero ids ,  the  cumulative number o f  as tero ids  t o  V(1,O) = 12 w i l l  be about tw ice the num- 
ber t o  B(1,O) = 18, f o r  any given o r b i t a l  c??ss .  Wi th in  the  unce r ta in t i es ,  W e t h e r i l l ' s  
estimates agree w i t h  those der ived here from d iscover ies  i n  the  systeniatic curveys. 

' 

ew percent of the  Earth-apprnaching as ter -  

O R I G I N  AND ORBITPI. '. J -  JTION OF PLANET-CROSSING ASTEROIDS 
;-;:. ,;... A t  l e a s t  two d i f f e r e n t  kinds o t  b td ies  probably are  represented among the known ;p- . . .  . -  . .  \ f .  -. s:- ... . .. 1 

Earth-approaching as tero ids :  (1)  ob jec ts  o r  fragments o f  ob jec ts  which res ide  i n  o r  were 
der ived from the main as te ro id  b e l t ,  and ( 2 )  nonvo la t i l e  residua o r  cores of  the  nuc le i  

- 
, I  J .  
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of e x t i n c t  pe r iod i c  conlets. The former category includes ob jec ts  which were on Mars- 
crosqing o r b i t s  t o  s t a r t  w i t h  o r  were i n i t i a l l y  c lose t o  regions o f  secular resonance o r  
of low order  commensurability w i t h  Jup i te r .  The second category of bodies i s  der ived 
u l t i m s t e l y  from much more d i s t a n t  pa r t s  o f  t h e  s o l a r  system. Per iod ic  comets a r e  cap- 
tu red from t h e  Oort  c loud and perhaps nearer regions o f  t he  s o l a r  system by c lose  en- 
counters w i t h  Jup i te r ;  a small f r a c t i o n  o t  these pe r iod i c  comets i s  trapped i n  very sho r t  
per iod o r b i t s  w i t h  aphel ion distances near 4 AU by a combination of J u p i t e r  encounters and 
nongravi t a t i o n a l  forces. An example of such a comet i s  P/Encke. Whatever n o n v o l a t i l e  
residue may remain from such ob jec ts  a f t e r  l o3 - l o4  years w i l l  be as te ro ida l  i n  appear;.nce. 
As a consequence of encounters w i t h  t h e  t e r r e s t r i a l  p lanets,  f u r the r  evo lu t i on  o f  t he  o r -  
b i t s  of both  "as tero ida l "  and "cometary" near-Earth objects,  p a r t i c u l a r l y  o f  Earth- 
crossers, r e s u l t s  i n  an ex tens ive  over lap of t he  o r b i t a l  c h a r a c t e r i s t i c s  o i  the  two 
classes of objects.  

As Earth-approaching as tero ids  are  der ived, i n  pa r t ,  from shal lower Mars-crcssers, 
i t  i s  of i n t e r e s t  t o  examine f i r s t  the  o r i g i n  of these l a t t e r  ob jec ts ,  which a r e  tne most 
numerous o f  t he  planet-crossing as tero ids .  Typ ica l  dynamical l i f e t i m e s  of Mars-crossers 
a re  o f  t he  order  o f  1-2 AE (Wethe r i l l ,  1976). Hence, many Mars-crossers probably have 
remained on Mars-crossing o r b i t s  s ince the p r i n c i p a l  per iod of p lanetary  accre t ion .  Such 
ob jec ts  can be viewed as unaccreted planetesimals o f  Mars. The dynamical l i f e t i m e  almost 
c e r t a i n l y  exceeds the  fragmentation 1 i f e t i m e  of most Mars-crossers near V(1,O) = 18; 
as tero ids  i n  t h i s  s i z e  range probably a re  produced c h i e f l y  by r e l a t i v e l y  recent c o l l  i s i o n -  
a1 fragmentation o f  l a r g e r  Mars-crossers. The est imate of t h e  popu la t ion  of Mars-crossers 
t o  V(1,O) = 18, g iven i n  Table 2, i s  ex t rapo la ted from obse-dat ions o f  l a r g e r  as tero ids  
on the basis of an assumed magnitude d i s t r i b u t i o n  law which, as shown by Dohnanyi (1971), 
corresponds approximately t o  an equi 1 i b r i um fragmentation d i s t r i b u t i o n .  

Small Mars-crossers may a l s o  be der ived by fragmentation of as tero ids  adjacent t o  
surfaces o f  secu lar  resonance i n  the  as te ro id  b e l t  discovered by Wi l l iams (1969), o r  as- 
t e ro ids  near the Kirkwood gaps, i n  p a r t i c u l a r  t he  gap a t  t he  3 : l  commensurability w i t h  
Jup i te r .  Mechanisms by which meteor i te-s ized fragments can be i n j e c t e d  from these regions .' , 
i n  the main b e l t  i n t o  planet-crossing o r b i t s  have been described by Zimnernlan and Wethe r i l l  
(1973). Scho l l  and Froeschl6 (1977). and Wethe r i l l  (1977). M u l t i p l e  c o l l  i s i m  s a re  re-  ' \ :  
qu i red  f o r  i n j e c t i o n  from the margins o f  the  Kirkwood gaps a t  t he  2 : l  and 5:2 comnensura- I .. 
b i l i t i e s ,  and i t  3ppears u n l i k e l y  t h a t  more than a few k i lometer -s ized Mars-crossers can I -  

be der ived i n  t h i s  way. Main be1 t astero ids  near surfaces of secu lar  resonances, on the  
o ther  hand, may be an important  source o f  small Mars-crossers, and many known Mars- I 
crossers l i e  c lose t o  these surfaces (M i l  l iams, 1971). For example, two ou t  o f  s i x  Mars- 
crossers l i s t e d  i n  Table 1 . l ie .very  c lose t o  secular yesoqances; 1974UA l i e s  adjacent t o  
the Hungaria region, near L = vg, and.1974UB i s  near n = v16 (F igure  1) ;  1973SA, near the 1 : ; \  
Flora  region, i s  moderately c lose t o  5 = V, (Wi l l iams, personal communication. 1978). I 

None o f  the Mars-crossers discovered i n  the PCA survey a r e  f a r  removed from , secular 
resonance. 

A s i g n i f i c a n t  f r a c t i o n  c f  t he  Mars-crossers i s  poss ib ly  der ived from e x t i n c t  comets. 
A l i s t  o f  h a l f  a dozen Mars-crossers w i t h  aphel ion distance, Q, near 4 AU q iven 5y Marsden 
(1971) and a s i m i l a r  l i s t  by Sekanina (1971) may inc lude ob jec ts  of cometary o r i q i n .  
Close encounters w i t h  Mars can reduce Q, moreover, so t h a t  some Mars-crossers w i t h  l ess  
eccent r ic  o r b i t s  may a l so  be e x t i n c t  comets. 

A l a rge  f r a c t i o n  o f  the  as tero ids  i s ,  ev ident ly ,  der ived from shallower Mars- I 

crossers. If the hllors were i n  dynamical e q u i l i b r i u m  w i t h  Mars-crossers, then the r a t i o  
of  t he  number of  shallow Mars-crossers should equal the  r a t i o  of t h e i r  respect ive  1 i f e -  
times (Ob,k, 1963). As seen from Table 2, the  r a t i o  of Amors t o  shal low Mars-crossers i s  

; i \  
\ 

about 1/20 t o  1/10, whereas the  r a t i o  of  t he  l i f e t i m e s  of Amors t o  those of shallow Mars- ! 

crossers i s  about 1/10 t o  115 (Wethe r i l l ,  1976). The number o f  Amors appears t o  be s l i g h t -  ' 
l y  low f o r  dynamical equ i l ib r ium,  but  the  discrepancy i s  w i t h i n  the unce r ta in t y  of e s t i -  
mation. I 

' ,' 



- Fig.  1. Surfaces o f  secular resonance i n  the 
as te ro id  b e l t  ( a f t e r  Wi l l iams, 19G9) and pos i -  
t i o n  o f  Mars-crossing as tero ids  discovered i n  
the PCk survey. 

SEMI -MAJOR AXIS (AU) 

A s i g n i f i c a n t  nu~nber o f  the  Amors, perhaps even the ~ n a j o r i  t y  (Wetheri 11, personal 
communication, 1978) may be o f  colnetary o r i g i n .  The most l i k e l y  e x t i n c t  comet aniong the 
known ob jec ts  i s  Be tu l i a ,  which has a maximum Q o f  3.9 AU and a present o r b i t a l  i n c l  ina- 
t i o n  of 52". I t s  Jacobi constant  w i t h  respect  t o  J u p i t e r  suggests i t  lllay be a coaetary 
ob jec t  (Kresak, 1977). I t  should be noted. however. t ha t  Cetu l ia ,  d t  times, crosses not  
only the o r b i t s  o f  Mars and the Earth. but  a l so  the o r b i t  o f  Venus. Gy c lose encounter 
w i t h  Ilars, Earth, o r  Venus the Jarobi conytant  w i t h  respect  t o  J u p i t e r  can changc abrupt-  
l y ,  and the o r b i t  o f  Betu l  i a  can become less o r  more comet-1 i ke w i t h  time. 

Earth-crossing asteroids,  i n  con t ras t  t o  the k o r s .  a re  c l e a r l y  not  i n  dyndmical 
equ i l i b r i um w i t h  shallow Mars-crossers nor a re  they i n  d i r e c t  e u i l i b r i u m  w i t h  the An~ors. 9 The t y p i c a l  l i f e t i m e  o f  E- r th-crossers  was reported as 0.5 l o k  y r ,  by Wethe r i l l  and 
Wi l l iams (1968) and as 20 .2  * l o 8  y r  by Wethe r i l l  (1976). I f  Ear th-cr~sset 's  were der ived 
e n t i r e l y  from shallow Mars-crossers and were i n  equi 1 ib r ium w i t h  Vars-crosset's, thest 
should be about 50- 100 times less numerous than Mars-crossers and abou' 10 times less  
nunierous than Amors. The f i gu res  i n  Table 2 show tha t  t h i s  i s  n o t  the  case. There are  
too Illany Earth-ct-ossing as tero ids .  

The excess o f  Ea r th -c ross i i g  as tero ids  can be seen very simply i n  another way. If 
a l l  Earth-crossers were i n  dynamical equ i l i b r i um w i t h  Amors, then. w i t h  decredsing q. 
there would be a r e l d t i v e l y  rapid.  order o f  niagni tude drop i n  the number o f  as tero ids  
near the threshold of  F ,  .h-crossing. The reason f o r  t h i s  i s  t ha t  the p r o b a b i l i t y  o f  
c o l l i s i o n  o r  e j e c t i o n  o f  an A m ~ r  from the s o l a r  system as a consequence o f  encounters 
w i t h  Mars i s  much smal ler  than the p r o b a b i l i  t y  o f  c o l l i s i o n  o r  e j e c t i o n  o f  an Earth- 
crosser as a consequence o f  encounters w i t h  the  Earth.  This i s  so p r i m a r i l y  because the 
Earth i s  an order of  magnitude more massive. and. therefore,  g r a v i t a t i o n a l l y  an order of 
mdgni tude niore a c t i v e  than Mars. Contrary t o  expectat ion.  however, the  number of  Aniors 
and Earth-crossing as tero ids  i s  near ly  u n i f o r n ~ l y  d i s t r i b u t e d  as a func t i on  o f  (1 There 
i s  roughly an equal popu la t ion  of Amors, w i t h  q between 1.0 and 1.3 AU, dtid o f  Earth-  
crossers w i t h  q between 0.7 and 1 .@ AU. Among the discovered ob.jects there dt'e 20 knors 
w i t h  reasonably w e l l  def ined o r b i t s  i n  the range 1.0 AU - q \ 1.3 AU drld there  a re  14 
Earth-crossers w i t h  0.7 AU . q i 1.0 AU. 

The d i s t r i b u t i o n  o f  as tero ids  by q i n  the v i c i n i t y  o f  1 AU appears t o  be exp l i cab le  
only i f  the m a j o r i t y  o f  Earth-crossers have been in jec ted  more o r  less d i r e c t l y  i n t o  
Earth-crossing g r b i  t s  from some source o ther  than Mars-crossers. Pt.ogressive evo lu t i on  
o f  t y p i c a l  Mars-crossers i n t o  Earth-crossers may account f o r .  a t  most. 10-201 of the  
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Earth-crossers. The t - ~ a i n d e r  must be der ived c h i e f l y  from somewhat deeper regions o f  
the  as te ro id  b e l t  o r  from comets. C o l l i s i o n  debr is  from astero ids  near the secular reso- 
nances can be i n jec ted  d i r e c t l y  i n t o  Earth-crossing o r b i t s  (Wi l l iams, 1973a,b). For 
the cases studied so far, a few percent o f  the  e jec ta  becomes d i r e c t l y  Earth-crossing 
(Wi l  l iams, personal comnunication, 1973). Other Earth-crossing ob jec ts  a re  der ived from 
pe r tu rba t i on  by Mars of Mars-crossing deb r i s  which was n c t  i n i t i a l l y  i n j e c t e d  as deeply 
i n t ~  a resonance (Wethe r i l l ,  1977). The combination o f  d i r e c t  i n j e c t i o n  i n t o  resonant 
Earth-crossing o r b i t s  and the secondary per turbat ions by Mars produces one Apol lo  f o r  
ever th ree Amors der ived from the  secular resonances (Wetheri 11, personal communication, 
1918J. A few tens o f  percent o f  the  Carth-crossing as tero ids  may be der ived t h i s  way. 
C o l l i s i o n  fragments der ived from the  margins o f  t he  2 : l  and 5:2 Kirkwood gaps may be i n -  
jec ted d i r e c t l y  i n t o  Earth-crossing o r b i t s ,  h u ~ ,  because two c o l l  i s i o n s  are  requ i red f o r  
t h i s ,  the  y i e l d  of k i lometer-s ized bodies probably i s  very low. So fa,- as the  c e l e s t i a l  
mechanics o f  the  as te ro id  b e l t  i s  present ly  understood, there  appear t o  be no o the r  l i k e l y  
sources o f  Earth-crossers among the as tero ids .  A remaining probable source of Earth- 
crossing as tero ids  i s  the fami ly of shor t -per iod comets. 

A l l  bu t  a few pe r iod i c  comets a r e  Jup i ter -c ross ing and have extremely sho r t  dynam- 
i c a l  l i f e t i m e s .  The Jup i ter -c ross ing comets a re  u n l i k e l y  t o  be captured i n t o  very sho r t  
per iod o r b i t s  by c lose  encounters w i t h  t e r r e s t r i a l  p lanets ,  although t h i s  must happen on 
r a r e  occasions and may produce a few planet-crossing as tero ids .  A few comets, such as 
P/Temple 2, P/Clark, P i G r i g g - S k j e l l ~ r u p  and P/Encke have aphel ia i n s i d e  the - r b i t  o f  
~ u p i t e r .  A l l  o f  these except P/Encke, however, pass w i t h i n  the  sphere o f  i n f l uence  of 
Jup i te r ,  and they have a very h igh  p r o b a b i l i t y  of being e jec ted by J u p i t e r  from the so la r  
system. Ev ident ly  from the a c t i o n  of  nongrav i ta t i ona l  forces, the  aphel ion d is tance of 
P/Encke has been reduced t o  4.1 AiJ (Sekanina, 1971), a c r i t i c a l  threshold below which 
comets and as tero ids  are  r e l a t i v e l y  safe from e jec t i on .  Comets en te r i ng  t h i s  safe reg ion 
have much longer dynamical l i f e t i m e s ,  which w i l l  permi t  a s i g n i f i c a n t  f r a c t i o n  t o  be cap- 
tu red i n t o  s t i l l  smal ler  o r b i t s  by encounters w i t h  the t e r r e s t r i a l  p lanets .  

Two comets i n  moderately s tab le  o r b i t s  appear t o  be near ly  e x t i n c t :  P/Arend-Rigaux 
and P/Neujmin 1 have been as te ro ida l  i n  appearance dur ing recent appat-i t ions ,  a1 though 
observations o f  P/Arend-Rigaux i n  1977 revealed a very weak coma and t a i  1 (Degewi j, 1978). 
Secular v a r i a t i o n  of the  nongrav i ta t iona l  acce le ra t i on  of P/Encke suggests i t  may become 
e x t i n c t  i n  60-70 years (Sekanina, 1972), leaving a k i lometer -s ized i n a c t i v e  body. The 
as te ro id  Hidalgo i s  Jup i ter -c ross ing and i s  very probably an e x t i n c t  comet. Hence there  
i s  l i t t l e  doubt t ha t  a few comets, a t  leas t ,  a re  capable o f  evo lv ing i n t o  p lanet -c ross ing 
asteroids,  by progressive loss o f  t h e i r  v o l a t i l e  cons t i t uen ts  du r ing  p e r i h e l i o n  passages. 

i 1 1 . I 
t o  susta in  the popu la t i o r~  of Earth-crossing as tero ids .  I r. d i f f i c u l t  t o  g i ve  a r e l i a b l e  

The quest ion remains whether the supply o f  comets e-:ering safe o r b i t s  i s  adequate 

! . '  i ? answer t o  t h i s  quest ion as there i s  on l y  one known examp such a comet. The popula- 
1 .  t i o n  of  Earth-crossers to  magnitude 18 i s  roughly 103, anli .ey have a mean l i f e t i m e  near 1 :  2 x 10' years. A new magnitude 18 o r  b r i g h t e r  Earth-crosser IIIJS~ be suppl ied roughly once 

every 2 x l o 4  years t o  main ta in  the popu la t ion  i n  steady-state.  Marsden (1971) has e s t i -  
. I . .  mated t h a t  t he  l i f e t i m e  o f  a c t i v i t y  of  a shcr t -per iod comet i s  of the  order o f  l o 3  t o  l o 4  

vears. I t  would be a mat ter  o f  luck, then, t o  discover a short-per iod comet, w i t h  a nu- 
c leus k r i z h t r l r  l i tdn magn'tude 18, i n  the process o f  decaying i n t o  an Earth-crossing as te r -  
o id .  "'Encke appears t o  be an example of j u s t  such a comet (Sekanina, 1971). W i th in  the  
l i f e t i m e  of  persons now l i v i n g ,  P/Encke may j o i n  the group of ob jec ts  which, by the stan- 
dard c r i t e r i a  o f  te lescop ic  observation, we recognize as Apo l l ?  as tero ids .  

F i n a l l y ,  i t  i s  of i n t e r e s t  t o  euamice the o r b i t s  of the  known Earth-crossing as tero ids  
t o  see which ones are  most comet-l ike. 197:NA has an aphel ion d is tance of 4.0 AU and an 
i n c l i n a t i o n  o f  68". I t s  Jacobi constant w i t h  respect  t o  J u p i t e r  i s  comparable t o  t h a t  of  , i 
many pe r iod i c  comets and suggests a cometary o r i g i n  f o r  t h i s  ob jec t  (Kresak, 1977). With i 
much less  confidence, a s i m i l a r  case can be made f o r  Sisyphus, 1981, and 1974MA. Adonis, I ' Antinous, 1976WA. and PLS 6334 a l l  have Q near 4 AU find might a l so  be r e l a t i v e l y  unevolved 1 I e x t i n c t  comets. These c r i t e r i a  should be used w i t h  caut ion,  however. Some astero ids  

i 
, , 
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i n j e c t e d  by c o l l i s i o n s  i n t o  the Kirkwood gaps o r  i n t o  secular resonances can acqu i re  aph- . I  . . , 
e l  i o n  distances near 4 AU. Encounters w i t h  t h e  t e r r e s t r i a l  p lanets.  moreover, g r e a t l y  . I 

modify the  o r b i t s  o f  Earth-crossers. Astero ids  w i t h  very small o r b i t s  can be der ived . . 
. , from comets w i t h  o r b i t s  l i k e  t h a t  o f  Encke, and ob jec ts  o r i g i n a t i n g  as t y p i c a l  Mars- . , :  

crossers can be placed on comet-) i ke o r b i t s .  . . 
I 

COMPOSITIONAL TYPES AMONG THE EARTH-APPROACH I NG ASTER01 DS 
< 5 

P rec ise  phys ica l  observations have been made on 14 n e a r - E ~ r t h  as tero ids .  On the 
basis o f  t he  a v a i l a b l e  data, the Earth-crossing as te ro id  popu la t ion  appears t,o be d i f f e r -  : I 

ent  from the Amor populat ion.  The number o f  Earth-approaching as tero ids  f o r  which phys- 
i c a l  observations are  ava i l ab le  i s  s t i  11 very small.  however, and i t  i s  premature t o  draw 
f i r m  conclusions about t he  di f ferences o r  the  s in l i  l a r i  t i e s  of  phys ica l  c h a r a c t e r i s t i c s  

i 
? L 

between the Amors and Earth-crossers on the basis of t h i s  small sample. 

UBV photometrq represents the most complete s e t  of phys icd l  observations obtained 
on the Earth-approaching as tero ids  (F igure  2).  k i o r  as tero ids  a rc  d i s t r i b u t e d  over a 

. .- 

0.5 - 

0.4 - 

U-B 

=.. 
Observed 
field of -- 

osteroids 

Fig.  2. UBV co lo rs  of Earth-approaching ;~s tero ids .  Aeor 
as tero ids  a re  shown w i t h  an open c i r c l e  and Earth-crossers w i t h  

I a ta rge t  symbol. Data are  from TRIAD f i l e  and from Degcwi j I , 
(1977), and Oegewij e t  a t .  (1978). , . 



Table 3. C lass i  f i c a t i o n  o f  Earth-Approaching Asteroids by Compositional Type 

Amor Asteroids Earth-Cross1 ng Asteroids - - 
Composi t i onal Reference Composi t i o n a l  Reference 

1566 Icarus 

887 A1 i nda 1620 Geographos 

1864 Daedal us 

' ~ 1  though l i s t e d  as an Amor as tero id ,  B e t u l i a  i s  Earth-crossing p a r t  o f  the  time. 1960UA 
may a l s o  be Earth-crossing p a r t  o f  t he  t ime. 

2 ~ e l l n e r  and Bowel 1 (1977). . , *  . . 

3 ~ a s e d  on data from Degewij, e t  at. (1978). . 
. {  ; 

4 ~ a s e d  on data from Degewi j (1977). , ' , :  

' ~ased  on data from Gradie (1976). 

6 ~ a s e d  on data from Zel l n e r  and Bowel 1 (unpublished). 

broad f i e l d  i n  the U-B versus B-V color. domain. Earth-crossing as tero ids ,  on the o ther  
hand, occupy a smal le r  f i e l d  which i s  character ized by r e l a t i v e l y  h igh  U-B values (oxclud- 
ing, f o r  t he  moment, the  spec ia l  as te ro id  Betul  i a ) .  Most Amors w i t h  UBV co lo rs  c lose t o  
the Earth-crossing as te ro id  f i e l d  are  classed as S-type as tero ids  by Ze l l ne r  and Bowel1 
(1977) and Ze l l ne r  (1978) (see Table 3). The predominance of S-type as tero ids  among the 
Amor group i s  cons is tent  w i t h  the d e r i v a t i o n  o f  these ob jec ts  p r i m a r i l y  from shal lower 
Mars-crossers, as suggested by dynamical considerat ions.  As shown by Chapman e t  a t .  
(1975), Morr ison (1977) and Zel l n e r  and Bowel 1 (1977), S-type as tero ids  a re  the dominant 
type on the inner  edge of the  main as te ro id  b e l t ,  the  p r i n c i p a l  reg ion from which shallow 
Mars-crossers are, i n  turn,  derived. . . . . . . 

,. .- , 
a ,  . I 

.... - Only one Earth-crosser, Geographos, i s  c e r t a i n l y  an S-type as tero id .  Besides Geogra- * , ' .  , 

phos, the  Apo l lo  as te ro id  Tom fa1 1s w i t h i n  the  Amor as te ro id  UBV f i e l d ,  bu t  Toro i s  d i s -  - ., . 
t inguished on o ther  physical  c h a r a c t e r i s t i c s  from S-type Amors. The Earth-crossers 1976AA . . 
and Daedalus ; i e  on the mar7in o f  t he  S f i e l d  as def ined by Ze l l ne r  (11(78). Daedalus was . , 

c l a s s i f i e d  as an 0- type asteroid,  along wi  ti! Icarus, by Ze l l ne r  and Bowel 1 (1977) d l  though , , .  
. . p o l a r i m e t r i c  albedo determinat ions used by them i n  d i s t i n g u i s h i n g  t h i s  c lass  have now been 

.,. revised. Icarus and 1976UA. which snow extreme values o f  U 3 ,  near 0.6, and in termedia te  - ~ 

I \ ,. 
0.8, are  c l e a r l y  d i s t i n c t  from S-type as tero ids  and f rom a l l  measured j ,  . 

, ; . :  
It has been widely supposed t h a t  e x t i n c t  cometary nuc le i  might  resemble C-type as te r -  ; , I 

oids.  The basis f o r  t h i s  expecta t ion  i s  the  b e l i e f  t h a t  comets a re  very p r i m i t i v e  ob jec ts  [i 
I .  

and t h a t  C-type as tero ias  are  s i m i l a r  t o  carbonaceous meteor i tes,  which a r e  the most p r i m i -  ; r l  
t i v e  meteor i tes recovered. I f  many Earth-approaching as tero ids  ar?  o f  cometary o r i g i n ,  i t  i s  , .  i . , . 6 , - 
p l a u s i b l e  t h a t  some o r  perhap; most carbonaceous meteor i tes  are  der ived from e x t i n c t  comets. , 
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Fig. 3. Frequency d i s t r i b u t i o n  o f  semimajor axes of Earth-crossing as tero ids .  Names o f  , , , 

as tero ids  fo r  which UBV observations have been made are  shown w i t h  boxes. 1 '  
8 ) .  

i 
I - . . 

the ob jec ts  o f  small semimajor ax is ,  where the S-type ob jec t  Geographos and poss ib le  S- 
type 1976AA are, indeed, found. A l a rge r  f r a c t i o n  o f  Earth-crossers o f  l a rge  semimajor 
ax i s  ( r ight-hand s ide  o f  Figure 3), on the o the r  hand, probably are  o f  cometary o r i g i n .  ' t .  

t a. 

s , w  

I t  should be borne i n  mind t h a t  comet nuc le i  may have much greater  spectrophotometric ; *. 
d i v e r s i t y  than i s  comnonly supposed. One p a r t i c u l a r  mechanism by which d i v e r s i t y  might  
a r i s e  i s  suggested by the o r b i t a l  c h a r a c t e r i s t i c s  of Icarus and 1976UA. two ob jec ts  which ' b  s $ 
have near ly  the same UBV c o l o r  and which have extreme U-B values. A t  pe r ihe l i on ,  Icarus > I - ' ,  

approaches w i t h i n  0.18 AU of the  surface o f  the Sun. A t  t h i s  d is tance the peak tempera- ! % 

t u r e  o f  a  blackbody o f  low thermal i n e r t i a  and an albedo of  the  order of  0.2 o r  less  
be about 600°C. Gibson (1976) has shown t o a t  about 502 of  the  carbon i s  l o s t  from the 
carbonaceous meteor i te  Murchison by heat ing :o 600°C f o r  three days. A t  900°C (corre- I t  

sponding t o  a  p e r i h s l i o n  d is tance o f  about C. 1 AU) 95% of the carbon i s  d r i ven  o f f .  Thus, I 1 1 .  \ 
the albedo and color. o f  Icarus may have been a1 tered s i g n i f i c a n t l y  by repeated c lose ap- 
proach t o  the Sun, espec ia l l y  if i t s  p e r i h e l i o n  d is tance were once somewhat l ess  than i t  

.. . - 
i s  a t  present.  I t  i s  conceivable t h a t  Icarus  was once a  C-type ob jec t .  1976UA p resen t l y  I '  

grazes the o r b i t  o f  Mercury a t  p e r i h e l i o n  (q = 0.464). A t  t h i s  d istance, maximum tempera- , ; :  

tures are  o f  the order  o f  270°C, which probably a re  too low t o  expel much carbon from the , . 
surface. I t  i s  e n t i r e l y  possible,  however, t h a t  the p e r i h e l i o n  d is tance o f  1976UA was . I  

a lso  a t  one t ime much smal ler .  I I - .  , . 
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ANDERS: I s  i t  f a i r  t o  compare the  nlrmbers o f  Apol los and Amors? Shouldn' t  one ins tead 
compare masses o f  t he  two populat ions,  because fragmentation goes on a l l  t he  t ime? 
The number doesn' t  stay constant  dur ing the t ime the Mars-crosser supposedly evolved 
t o  an Apol l o .  More l i k e l y  one Mars-crosser g ives  several Apol los j u s t  by fragmenta- i 
t i o n .  

SHOEMAKER: The numbers are  a l l  g iven t o  the same magnitude (and hence s i ze )  l i m i t ,  and 
the  magni tude-frequency d i s t r i b u t i o n  observed f o r  main be1 t astero ids  was used i n  

' I i 
c a l c u l a t i n g  the  number o f  V( l  ,O j  = 18. i t  appears t h a t  t h i s  magnitude-frequency d i s -  
t r i b u t i o n  i s  approximately an e q u i l i b r i u m  fragmentat ion d i s t r i b u t i o n .  Hence the 
e f fec t  of f ragmentat ion o f  Mars-crossers i s  taken i n t o  account. I 

ANDERS: Then you a re  i n t e g r a t i n g  t c  a l a r g e r  q i ze  l i m i t  f o r  t he  Mars-crossers than f o r  
the  Apol los.  

WETHERTLL: It i s  no t  necessary t o  consider f ra~men ta t i on ,  as the v6 resonance has the 
e f f e c t  o f  r a p i d l y  e q u i l i b r a t i n g  the  Apo l lo  and Ainor populat ions.  They should have 
near ly  the same steady-state s i z e  d i s t r i b u t i o n s ,  except f o r  ob jec ts  1 i ke 1036 which 
i s  i n  an unusual ly s tab le  o r b i t  f o r  an Amor. I n  a d d i t i o n  t o  cons ider ing t h e  Amor/ 
Apol lo r a t i o ,  i t  i s  a l so  poss ib le  t o  c a l c u l a t e  t h e  r a t e  a t  which Apol los and Amors 
a re  produced from the l a r g e  main b e l t  as tero ids .  I t h i n k  you cou ld  make 10% of them 
wi thout  too  much t roub le .  But t o  make more than h a l f  seems very d i f f i c u l t .  

ANDERS; The paradox i s  not  as g rea t  as i t  was t e n  y e w s  ago. Ycu should t r y  t o  apply 
a co r rec t i on  f o r  fragmentation and see how much o ?  a discrepancy remains. I t h i n k  
your f a c t o r  o f  ten  w i l l  be reduced by fragmentation. 

WETHERILL: I t h i n k  the  d i f f e r e n c e  between t e n  years ago and now i s  t h a t  we have i d e n t i -  
f i e d  new mechanisms t o  t ranspor t  ob jec ts  from the  main be1 t t o  Earth-approaching o r -  
b i t s .  This decreases the  discrepancy t o  something l i l e  a fac tor  of  t en  r a t h e r  than 
a f a c t o r  o f  100. On the  o ther  hand, I t h i n k  the f a c t o r  o f  t e n  i s  much b e t t e r  estab- 
l i shed;  i t ' s  a much more soph is t ica ted number. 

ANDERS: Par t  o f  t he  problem i s  that ,  a t  the  moment, the s t a t i s t i c s  on Mars-crossers r e s t  
i 

on four ob jec ts .  
SHOEMAKER: There are  two estimates i n  Table 2. One i s  based upon the  four discovered 

objects,  t he  o the r  on a l a r g e r  se t  of  arguments. I t h i n k  the  estimates are  reasonably 
congruent, and ne i the r  i s  l i k e l y  t o  be o f f  by more than a f a c t o r  of  ten. I f  Apol los 
were r e a l l y  der ived by a process which genera l l y  invo lves an evo lu t i on  o f  Mars- 
crossers i n t o  Amors, a1 thotigh n o t  i n  every case, then you would expect t o  see a much 
layger number o f  Amors i o  p ropo r t i on  t o  the Apollos. I 

I NIEHCFF: There cou ld  be another explanat ion f o r  the  discrepancy, and t h a t  i s  when an ob- , j e c t  2ecomes an Apol l o ,  i t s  1 i f e t i m e  goes up f o r  some y e t  unexplained reason. 
I ANDERS: the dynamicists a re  cor rec t ,  and I t h i n k  they are, there  i s  no gimmick except ' , 

a very odd resonance occasional 1 y . ~ ! WETHERILL: Apol los are  no t  'n  t h a t  k ind  o f  resonance. 
SHOEMAKER: You might invoke some resonances 1 i ke t h a t  found fo r  1685 Toro, which would I 

s l i g h t i y  extend the  l i f e t i m e s .  I 
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ARNOLD: Other possible me~hanisms for  the o r i g i n  o f  Apollos and Amors are a1 so going t o  
be ca l led  upon t o  explain why they are roughly equal i n  number. These other  models 
might a lso g ive you the cor rec t  r a t i o  o f  Mars-crossers t o  main be1 t asteroids. Sup- 
pose they are made from comets or  something; once they cross the o r b i t  of  the Earth 
they are much more vulnerable, t h e i r  l i f e t i m e  gets much shorter. So again there i s  
a  discrepancy. < .  

WETHERILL: There i s  something t o  what you say. However, comets are more I! kely t o  have 
an aphelion near Jupi ter ,  so t h e i r  l i f e t i m e  i s  also shortened by in teract ions near 
aphelion as wel l  as by Earth-crossing. To r e a l l y  make i t  work, you have t o  say tha t  
a  comet w i t h  a  small per ihe l ion i s  more 1 i k e l y  t o  be decoupled from Jup i te r  by non- ' 1  

grav i ta t iona l  e f fec ts  i n t o  an o r b i t  1  i k e  t ha t  o f  Com?t Encke than are ones w i t h  a  , , 

l a rger  per ihel ion. This may not  be the case because the t o t a l  amount of gas loss, b ! ,  

i.e., the in tegra l  o f  the nongrav i ta~ iona l  forces, should be the same. But i t  could 
be t h a t  the process i s  nontinear, tha t  ge t t ing  near the Sun changes the lag  angle o r  
something l i k e  t ha t  i n  sucr~ a way i t  favorably places ex t i nc t  comets i n t o  o r b i t s  w i t h  
small periods. 

ARNOLD: The f i r s t  explanation i s  1  i k e l y  t o  be perhaps a 20% e f fec t .  The second may not  
be r i g h t  e i the r ,  but i t  i s  wel l  worth invest igat ing.  

SHOEMAKER: The anomalous r a t i o  o f  Apollos and h r s  i s  the p r inc ipa l  argument f o r  invok- 

:I" . ing  cometary sources f o r  the major i  t y  o f  those asteroids. 
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THE ROLE OF EARTH-BASED OBSERVATIONS 
O F  ASTEROIDS DURING THE N E X T  DECADE 
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Ouring t h e  past  decaJe, Earth-based observat ions have led  us 
from ignorance t o  considerable understanding about t he  phys- 
i c a i  p r y - r t i e s  o f  as tero ids .  Candidate ta rge ts  f o r  space > I '  ' . 

missions can nJw be ik:con using c r i t e r i a  t h a t  w i l l  no t  prove 
t r i v i a l  i n  the future;  i n tens i ve  yt-cann-based s tud ies  of  1 

t a rge ts  can re r i ne  the choices. Present reconna;;:2!!rp 
s tud ies  o f  as tero ids  are  now reaching ma tu r i t y .  Ground-basea ! 

I I 

proqrams a re  shi l ' t ino t o  more s p e c i a l i ? d ,  i n tens i ve  studies 
o f  selected i n d i v i d u a l  bodies and special  c lasses (6.g.  , 
Hi  rayama fami 1 i e s ) .  Two powerful techniques--radar and mid- 
IR spectroscopy--have y e t  t o  be wide ly  app l ied  t o  as tero ids ;  
h igh  p r i o r i t y  should be g iven to  these programs i n  the  futuwe 
and t o  (a )  search programs r l t h  a l a r g e  S c h i x l t  telescope 
!espec ia l ly  f o r  f4-r:. and Earth-approaching bodies), (b)  a 
moderate reso1rct.-n v i s i b l e  and near- IR spec,rophotometr;c 
survey o f  a t  l e a s t  h a l f  the  a r te ro ids ,  (c )  h igh  r e s o l u t i a n  
spectrophotometry and radiometry o f  unusual objects,  ( d )  radar 
studies o f  representa t ive  main be1 t asteroids,  and (e)  appl i- 
c a t i o n  o f  the  f u l l  complement o f  as t rophys ica l  techniques 
( i nc lud ing  po lar imet ry  and in tens i ve  l i c j h t c u r v e  s tud ies)  t o  
ob jec ts  o f  h igh s c i e n t i f i c  i n t e r e s t  and t o  p o t e n t i a l  space 
mission targets .  The i n f r a r e d  astronomical s a t e l l i t e  ( I R A S )  
a lso  has h igh  p o t e n t i a l  f o r  c o n t r i b u t i n g  t o  as te ro id  science. 
Laboratory and theo re t i c  ~l programs com,iiement observi:ional 
programs by enabl i n g  data i n t e r p r e t a t i o n  and synthesis.  
Ground-based programs should cont inue even i n  a fu tu re  era 
o f  as te ro id  space missions i n  order tl; extend ground-truth 
t o  the  d iverse and widely dispersed populat ion.  

INTROnUCTION 

Our present knowledge of the  as tero ids  r e s t s  e n t i r e l y  on Earth-based astronomical 
measurements, bo ls tered o f  course by observat ional  and exper ln~ental  s tud ies  of  o ther  I 

bodies thought t o  be re la ted  t o  as tero ids .  The 1 0 ~ 3  h i s t o r y  o f  as te ro id  discovery,  o rb - i t  I \  

dstermination, and photograph1 c photometry had y ie lded  by 1970 near1 y 2000 knowr :r'e:- 
\ - 

o ids  and a weal th o f  speculat ions about t h e i r  s t a t i s t i c a l  d i s t r i b u t i o n s  and 0 r L l i 3 :  uvo- 
l u t i o n .  But substant ia l  understanding o f  t he  physical  p roper t ies  O F  as tero ids  , 1 ~ 3 i t ~ d  the  
a p p l i c a t i o n  o f  modern remote-sensing techniques, using e f f i c i e n t  Je tcc to rs  a t  , - r ? c  : e le -  
scopes, beginning a b o b ~  1970. 

i 
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During t h e  19708s, reconnaissance measurements o f  parameters known t o  be r e l a t e d  t o  
I . '  

surface composition have been made f o r  over one-quarter o f  t h e  numbered asteroids,  a l though : 
the  f u l l  range o f  ava i l ab le  techniques has been app l ied  t o  few ob jec ts .  We w i l l  address i I 

i n  t h i s  paper the  quest ion o f  what observations can be made i n  the  near future.  We w i l l  
a l so  attempt t o  t r e a t  t he  more specu la t ive  quest ion of  how much r e t u r n  may be expected 
from continued ground-based observat ions and whether such data have the  p o t e n t i a l  f o r  u l -  
t ima te l y  reso lv ing the  questions t h a t  have been ra ised i n  the  p a r t  decade. 

GROUND-BASED TECHNIQUES I, I 

Thr techniques discussed i n  t h i s  sect ion  have already been successful ly  app l ied  t o  
asteroids.  It i s  no t  our purpose t o  descr ibe the  techniques here; tbe  reader may consu l t  
other pe r t i nen t  references (see papers i n  Session 11 o f  t h i s  volume). We w i l l  i n d i c a t e  
what as te ro id  proper t ies  they reveal  ( o r  suggest) w i thou t  de l v ing  i n t o  the methc:ologies I . /  and t b t  caveats t h a t  always accompany i c t e r p r e t a t i o n  of  05servations. The h i s t o r y  of each I *  

technique i s  sketched t o  prov ide t frame of reference f o r  our guesses about t he  fu tu re  
app l i ca t i on  o f  t he  technique. Of course, any appl i c a t i o n  o f  ground-based techniques de- 
pends no t  on ly  on theo re t i ca l  c j p a b i l  i t i e s  of s ta te -o f - the -a r t  instrumentat ion,  bu t  a l so  
on a v a i l a b i l i t y  o f  f a c i l i t i e s ,  funds, at:d i n te res ted  obszrvers. The growth i n  number of 

* 
, , 

astero ids  ,neasu:.ed by several important  technique? i s  i l l u s t r a t e d  roughly i n  F i ~ u r e  1. 

UBV PHOTOMETRY 
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Fig .  1. Approximite growth i n  the fiumber o f  
a s t v o i ~ s  observed using several techniques 
du. ing the 1970's. 

Ac teroid Searches and Pho tognzphic S'urve.js ! t ,  
1 .. 

There have been two major photograph~c wrveys  o f  as tero ids :  the  McDonald survey o f  
I 

I 4 

9 
a l ;  b r i g h t e r  asteroids,  nea r l y  complete t o  photographic magnitude 15 o r  16, and the 

; j  , I Palomar-Leiden survey, which sampled as tero ids  down t o  magnitude 20. The sheer number of 
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fa in te r  asteroids and time-consuming nature o f  photographic surveys p roh ib i t s  extension 
o f  completeness much beyond the current  l i n l i  t s .  But sampling o f  the populat ion o f  much 
fa in te r  and smaller asteroids could lead t o  improved understanding o f  asteroid co1:isional 
processes, Hirayama famil ies, and other important problems. Bet ter  sampling o f  asteroids 
i n  high i nc l i na t i on  o r b i t s  and other  unusual o r b i t s  i s  p a r t i c u l a r l y  importact. Current 
search e f fo r t s  by E. Shoemaker and E. Hel in  and by C .  Kowal have slowly but subs tan t ia l l y  
ifalproved our k:'owl edge about Mars-crossing and Earth-approachi ng es teroids. Appl i ca t ion  
of a larger,  dedicated instrument could increase the discovery r a t e  by an order of rragni- 
tude and help t o  estab l ish the relat 'onship between Earth-approaching asteroids, the main 
b e l t  asteroids, comets, and meteorites as wel l  as t o  estab l ish crater ing rates and thus 
chronologies on the inner planets. 

Visible P h o t m t r y  of Asteroids 

The measuremmt o f  t,.e apparent brightness o f  an astero id  as a funct ion of time pro- 
vides a crude estimate o f  an astero id 's  size; combined w i t h  radiometry o r  polar imetry,  
the s i ze  i s  much more prec ise ly  determined Asteroid photometry as a funct ion of phase 
angle y i e l ds  some information concerning surface texture; but  the measu~.er,ients are time- 
consuming and not o f  p r ina ry  importance. Re1ative;y simple photometry ovet the course of 
a n igh t  ( l i gh tcu rve  photometry) can y i e l d  a fundamental property, r o t a t i on  period, and 
some ind ica t ion  o f  astero id  shape. With great d i f f i c u l t y ,  photometry can y i e l d  more pre- 
c i se  knowledge about astero id  spin, including po le  d i r ec t i on  and sense (prograde o r  r e t r o -  
grade) and be t te r  knowledge o f  asteroid shape. Some photogrdphic photometry Itas been done 
f o r  a l l  asteroids; but f o r  many of the f a i n t e r  objects, the best ava: lable m7gnitudes are 
h igh ly  p rov i s~ona l  . Photoelectr ic magni ttrdes are known f o r  a quarter of a1 1 the numbered 
asteroids and could be extended t o  nearly a1 1 numbered asteroids w i t h i n  a few years b.y a 
s ing le  dedicated observer. Lightcurve photometry i s  a time-consuming program i n i t i a t e d  
i n  the 1950's and y i e l d i ng  ;*otat ion pet-icds for several dozen bodies by 1970. Expanding 
in te res t  dur ing the 1970's. especial ly by fore ign observers 3nd some al~~ateurs, has i n -  
creased the number o f  known ro ta t i on  periods t o  Inore than 150. The present sample only 
h in ts  a t  ;ome possibly very i n t e res t i r ~g  corre la t ions between l ightcurve proper t ies  and 
diameter, o rb i t ,  and compositional type; yet  i t  i s  d i f f i c u l t  t o  i w g i n e  that  the nunber of  
accurately known arnpl i tudes and ro ta t i on  periods w i  11 more than double i n  the next decaue. 
Photoelectr ic photometry k:ith s u f f i c i e n t  aspect covi?rage t o  y i e l d  r e l i a b l e  po le  pos i t ions 
i s  l i k e l y  to  be l i m i t e d  t o  a handful o f  objects fo r  the foresseable future. N~ver the less 
i t  i s  important to  r ea l i ze  that,  given time and s u f f i c i e n t  mot ivat ion such as a planned 
space missicn, the s t lpe,  pole, and spin r a t e  can be obtained by ground-based techn iq~~es  
f o r  almost any asteroid.  

UBV P h o t m t r * y  

UBV photometry prc i ldes reconnaissance data that  can be re la ted to  astero id  surface 
rcmposition. Wbilc i n su f f i c i en t  by i t s e l f  t o  specify astero id  surface mineralogy. i t  
does r e l i a b l y  :111p1y membership i n  a few of the major compositional classes an:; i s  a use- 
f u l  too l  fo, i den t i f y i ng  anomalous asteroids. The technique was appl i zd  t o  several dozen 
asteroids i n  the 1950's and 1960's and has been applied recent ly  to  a k ~ ~ u t  100 asteroids, 
mainly by E .  Bowel 1 a t  Lowel 1 Observatory ,nd by Degewi j, Gradie and Lei lner d t  the Uni- 
ve rs i t y  o f  Arizona. The survey could be extended to  v i r t u a l l y  a l l  known asteroidc w i t h i n  
a decade, given a dedicated ~ b s e r v e r  and a telescope i n  the 2 In clacs. Color va r id t ion  
w i t h  r o t a t i on  i s  po ten t i a l l y  very important. but co lo r  var ia t ions discernable i n  Edrth- 
based d isk - i i t eg ra ted  data seem qu i te  rare among the handful of  objects Itledsured. 



Polar imetry provides informat ion p r i m a r i l y  on the  tex tu re  and opac i t y  of p a r t i c u l a t e s  1 .  
on as te ro id  surfaces. Measurements as a  func t i on  of r o t a t i o n a l  phase f o r  a  handful o f  

8 ' 

as tero ids  suggest - as w i t h  UBV measurements, t h a t  most as te ro id  surfaces a re  homogeneous 
on a  hemispheric scale. More usefu l  i n  the past  have been measurements (mainly by B. 
Ze l l ne r )  of  p o l a r i z a t i o n  as a  func t i on  o f  s o l a r  phase angle, over the genera l l y  a v a i l a b l e  
range o f  O0 LO 30". I nd i v idua l  values a t  small phase angles are  co r re la ted  w i t h  albedo t 

and more +. iens ive  observat ions a t  l a r g e r  phases y i e l d  prec ise  albedos, except f o r  the  , , 

b lackest  as tero ids .  Since radiometry (discussed below) i s  more r e a d i l y  accompl ished and i 
r L  

y i e l d s  the s .me informat ion,  the  number o f  p o l a r i m e t r i c a l  ly-determi ned a1 bedos and d ia l+  
e te rs  i s  no t  l i k e l y  t o  increasc much i n  the fu ture .  Future a p p l i c a t i o n  of po lar imet ry  
w i l l  l i k e l y  be f o r  special-purpose s tud ies ;  the  technique can be appl ied,  o f t e n  w i t h  d i f -  
f i c u l  ty ,  t o  perhaps ha1 f the  nl~mbered populat ion.  

Radiometry 

Measurement o f  t he  thermal r a d i a t i o n  from an as te ro id  a t  wavelengths near 10 and 20 
microns, when combined w i t h  v i s i b l e  photometry, v i e l d s  a  determinat ion o f  as te ro id  diam- 
e t e r  and albedo t h a t  i s  on l y  s l i g h t l y  model-dependent (Matson e t  aZ. , 1978). The tech- 
n ique was developed less  than a  decade ago, bu t  by 1976 had y ie lded  more than 150 as te ro id  
diameters. There has been a  recent l u l l  i n  the measurements s ince the two regu la r  observ- 
i n g  programs (those o f  D. Morr ison and 0. Hansen) have been discont inued. Work on spec ia l  
ob jec ts  i s  con+'nuing a t  the  U n i v e r s i t y  o f  Arizona. The technique i s  not  much more d i f -  
f i c u l t  than UBV phctometry, a t  l e a s t  f o r  main b e l t  objects,  a l though i t  rcqu i res  i n s t r u -  
mentation t h a t  i s  l ess  r e a d i l y  ava i l ab le .  More than h a l f  of the numbered as tero ids  could 
be measured w i t h i n  a  decade. More re f i ned  radiometry (as a  funct ion  o f  as te ro id  r o t a t i o n  
and phase angle) i s  c o r r e s p ~ n d i n g l y  more time-consumirg, but  can y i e l d  b e t t e r  deterrnina- 
t i ons  o f  as te ro id  thermal p rope r t i es  and the  sense o f  r o t a t i o n .  Thermal etnission spectra 
a r e  p o t e n t i a l l y  i r , ' i c a t i v e  o f  composition, bu t  so f a r  no spect ra l  features have been found 

Spectrophotornetry 

Spectrophotometry of as tero ids  can be accompl i shed from Earth i n  several L i  f fe ren t  
passbands and w i t h  a  v a r i e t y  o f  ins t rumer ts  y i e l d i n g  d i f f e r e n t  spec t ra l  reso lu t ions.  Such 
data are, t o  varying degrees, i n d i c a t i v e  o f  as te ro id  surface mineralogy (see McCord's 
paper elsewhere i n  t h i s  volume). Most spect ra l  features o f  i n t e r e s t  from 1000 8( t o  beyond 
10 microns a re  r e l a t i v e l y  broad and can be detected w i t h  spect ra l  reso lu t i ons  ( ~ x / i )  o f  
about 0.1; absorpt ion band p o s i t i o n  measurenients made w i t h  10 times b e t t e r  spect ra l  reso- 
l u t i o r  can de f i ne  c e r t a i q  composit ional c h a r a c t e r i s t i c s  r e l i a b l y  but  s t i l l  h igher spec- 
t r a l  r e s o l u t i o n  i s  no t  demonstrably usefu l .  F i l t e r  spectrophotometry i n  the v i s i b l e  and 
near-IR (0.3 t o  1  . I  microns) has been publ ished by 'lcCord and Chapman f o r  100 as tero ids  
and i s  ava i l ab le  ( i n  vary ing stages o f  reduc t i on )  f o r  about 150 more. The technique can 
be applied, w i t h  di f f icul t ; ,  t o  more than h a l f  o f  the  numbered as tero ids ;  use o f  a  mu1 t i -  
p lex ing  instrument would increase observing e f f i c i e n c y ,  but  i t  i s  doubt fu l  t h a t  :he tech- 
n ique w i l l  be app l ied  t o  more than a  quar ter  d f  the numbered as tero ids  w i t h i n  the next  
decade. Broad-band f i l t e r  photoqetry i c  the JHK reg ion o f  the  i n f r a r e d  has been done f o r  
several dozen asteroids,  p r i m a r i l y  by JPL s c i e n t i s t s ,  and complements the v i s i b l e  spectro- 
photometry; because o f  low de tec to r  e f f i c i e n c y  the technique cannot be app l ied  t o  the 
f a i n t e r  as tero ids .  Higher r e s o l u t i o n  s tud ies  i n  the 1-4 micron region,  using quantum- 
e f f i c i  $ $ .  i n te r fo romet r i c  techniques, have been made o f  several as tero ids  and--wi t h  con- 
s ide rac i  - e f f o r t  and a l l o c a t i o n  o f  major f a c i l  i t i e ;  and resources--can be app l ied  to  the 
hundred b r i g h t e s t  asteroids;  a  major e f f o r t  i s  underway by H. Larson. This i n f r a r e d  re-  
gior, i s  r i c h  w i t h  d iagnost ic  spect ra l  features,  bu t  observations are somewhat hindered.by 
absorpt ions i n  the Earth 's atmosphere. Spectral  features e x i s t  i n  the UV, bslcw 1500 A, 





Observations from Ear th  o r b i t  may a l s o  be made w i t h  much g rea te r  e f f i c i e n c y  than f r o n ~  
the ground. For instance, t h e  I n f r a r e d  Astronomical S a t e l l i t e  (IRAS), a p r o j e c t  c u r r e n t l y  
i n  p r 3 l  iminary stages, would have the  capabi 1 i t y  fo r  doing radiometry o f  a1 1 known as te r -  
o ids;  i n  f a c t  i t  w i l l  measure such as te ro ids  and thousands o f  as-yet-unknown as tero ids  
unavoidably i n  t h 2  process o f  making a ca ta log  o f  i n f r a r e d  sources. I t  remains t o  be 
es tab l ished t h a t  t he  IRAS as te ro id  observat ions w i l l  be made and reduced i n  ways maxie~iz-  
i n g  the  s c i e n t i f i c  re tu rn .  

While advantages t o  a s t e r o i d  science by the a1 l o c a t i o n  o f  a 111ajor f r a c t i o n  o f  observ- 
i n g  t ime from E a r t h - o r b i t i n g  s a t e l l i t e s  and observator ies  would be great ,  tbe f a c i l i t i e s  
prov ide  even g rea te r  b e n e f i t s  t o  o the r  astronolnical d i s c i p l  ines and a re  thus u n l i k e l y  t o  
be a l l oca ted  f o r  a s t e r o i d  work except i n  r a r e  instances.  The best  prospects are cases 
such as I W S  i n  which a s t e r o i d  observat ions a re  made unavoidably i n  the process o f  ca r r y -  
i n g  ou t  another program. 

THE FUTURE OF GROUND-BASED CBStRVATIONS OF ASTEROICS 

r .  I t  i s  n o t  easy t o  speculate about t he  f u t u r e .  C e r t a i n l y  du r i ng  the  next  decade, new 
techniques--or a t  l e a s t  in loartant  v a r i a t i o n s  o f  present ones - -w i l l  be developed t h a t  IIIJ~ 

be app l ied  t o  a sample o f  as tero ids .  But any ground-based re~:lote-sensing technique i s  
fundamental ly l i m i t e d  t o  t e l l i n g  us about re f l ec ted  o r  e n l i t t ~ d  r ~ d i a t i o n  frola the hemi- 
s p h e r i c a l l y  avaraged s~crfac?~ of  the  body i n  quest ion.  New ground-basea techniques a re  
u n l i k e l y  t o  address conlplementary aspects o f  as te ro ids  (t-.g. . concernirlg a s t e r o i d  i n t e -  
r i o r s )  needed f o r  colliplete ur~osrs tand ing o f  these bodies. 

I n  the  previous sec t ion ,  we guessed a t  the l i k e l y  a p p l i c a t i o n  o f  p resent  techniques 
dur ing  the next  decade, assu~r~ing rough nlaintenance o f  present resources and p r i o r i  t i e s .  
Cur rent ly  as tero ids  rece ive  a subs tan t i a l  f r a c t i o r ~  o f  NASA-supported ground-based as t ro -  
nqmical a t t e n t i o n ;  v a s t l y  g rea te r  a l l o c a t i o n  o f  funds o r  ! ~ ~ a j o r  telescope t ime i s  u n l i k e l y .  
But modest increases are  poss ib le  if cont inued ? s t e r o i d  observat ions a re  deemed t o  be 
in lportant .  Asteroids ( u n l i k e  corlletary nuc le i ,  f o r  exan~ple) a re  very p r o f i t a b l y  s tud ied 
from the ground. I n  terms o f  maxinlum r e t u r n  from mininlu~n e f f o r t .  however, i t  i s  probably 
t r u e  t h a t  we w i l l  have sDon skimmed the cream from the top o f  the ground-based a s t e r o i d  
observat ions.  Ce r ta in l y  the l ess  powerful technique< a re  approaching t h e i r  1 i11: i  t s .  A t  
t h i s  po in t ,  there fore ,  the  c r i t i c a l  quest ions are  two- fo ld :  (1 ) I s  the present understand- 
i n g  of the a s t e r o i d  pop l i la t ion  adequate fo r  techn ica l  p lanning of space n ~ i s s i o n s  and i n -  
t e l l i g e n t  c h o i x  o f  ta rgets ,  o r  i s  the  next  decade 1 i ke ly  t o  hold such surpr ises  t h a t  any 
present mission s t ra tegy  w i l l  u l t i m a t e l y  seem i l l - c o n c e i v e d ?  ( 2 )  What are  the 111ost 
p r o f i t a b l e  avenues f o r  f u t u r e  ground-based work, both i n  support of space n ~ i s s i o n s  and i n  
 pit:,^ i t  o f  quest ions (such as popu la t ion  s t a t i s t i c s )  t h a t  can be addressed on l y  from the 
gt.ouna:' 

Anders (1971 ). i n  the contex t  o f  the  f i r s t  question. argued as fo l lows:  "Ground- 
based research on astel 'oids and meteor i  tes i s  nowhere near exhaustion; on the  cont rary .  i t 
i s  movino a t  an impressive pace. I f  we main ta in  t h i s  pace f o r  another decade o r  two, we 
w i l l  no t  on ly  have answered ~ i ios t  o f  the  quest ions posed f o r  an e a r l y  n i s s i o n .  b u t  w i l l  be 
ab le  t o  come up w i t h  a mar? worthwhi le.  Inore i n f o r ~ n a t i v e  mission. .  .Some c r u c i a l  quest ions 
w i l l  undoubtedly remain when a l l  ground-based s tud ies  have been pushed t o  t h e i r  1 i n l i  t, and 
a t  t h a t  stage, perhaps ten years from now, f u r t h e r  progress w i l l  r e q u i r e  space n l i ss i rns .  
Wc d9 not  know what s o r t  o f  a t a r g e t  w i l l  have the h ighest  s c i e n t i f i c  i n t e r e s t  a t  t h a t  
t ime: a Trojan, a H i l da  group as tero id ,  a few near ly  soher ica l  as te ro ids  (snlal l  o r  l a rge )  
i n  the near o r  f a r  p a r t s  o f  the be1 t, a few ~ q h l y  i r r e g u l a r  ob jec ts ,  a Hirayairla fami ly ,  
e t c .  Any choice we make now i s  l i k e l y  t o  secill t r i v i a l  o r  unin;ormativc a decade hence." 

We submit t h a t  i h e  ground-based observers have done t h e i r  homework s ince l nde rs '  
statement was d r a f t e d  alnlost a decade dgo. Uhereas we were ther? l a r q e l y  ignorant  about 
as tero ids  and t h e i r  s i gn i f i cance .  we now have learned enough about t h c ~ l ~  t o  fon l iu ld te  solile 
fundal~iental cosmogonical and p lane to log i ca l  quest ions t h a t  exp lo ra t i on  o f  as te ro ids  may 
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The secotld important  quest ion concerns the most product ive  d i r e c t i o n s  f o r  f u tu re  
onnai ssance programs 
, there  wi  11 be an 
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radiometry)  t o  special  
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already obtained and t o  assoc I ~ t e d  theo re t i ca l  and labora tory  research progranrs. For ex- 
ample, i t  i s  i m p o r t ~ n t  t o  i nves t i ga te  the r o l e  of  meta! on and w i t h i n  as tero ids :  how 
metal reddens as te ro id  spectra, how metal responds t o  hyperve loc i ty  impact a t  as te ro ida l  
temperatures, and how metal a f f e c t s  ther i~ ia l  p rope r t i es  and i n t e r p r e t a t i o n  o f  radioinetry. 

i d e n t i f y  the fo l lowing 

1. A s u b s t a n t i a l l y  expan4ed search f o r  Earth-approaching objects,  
by broadf ie ld  photographic techniques, p a r t i c u l a r l y  i c  con- 
j unc t i on  w i t h  the IMS survey. A new l a r g e  Schmidt telescope 
appear5 t o  be needed; the cos t  w i l l  be substant ia l  bu t  the  
bene f i t s  w i l l  be great  for- a l l  o f  astrononiy. 

2. A spectrophotometric survey o f  ro!!ghly a thousand minor p lanets,  
a t  reso lu t i on  comparable t o  UBV o r  somewhat higher,  bu t  extended 
t o  longer wavelength. Detectors now e x i s t  f o r  adequate photon 
count ou t  t o  wavelength 1 .10 microns f o r  the nia jor i  t y  3f the 
numbered as tero ids .  The survey i s  otherwise rout ine ,  using 
f u l l y  proven f a c i l i t i e s  and techniques. 

3. Continued thermal-radiometr ic studies.  r s p e c i a l l y  o f  newiy d i s -  
i 

covered Apollo/Amors and main b e l t  ob jec ts  t h a t  are found t o  be 
spec t rascop ica l  l y  'n tc re5t ing .  The techniques are  f u l l y  proven, 

I 
requ i r i ng  on ly  dedicated observers. I 

4 .  Continued and expanded h igh - reso lu t i on  spectroscopy and narrow- 
band spectrophotonletry i t 1  the v i s i b l e  ~ n d  i n f r a r e d  o f  as tero ids  
found t o  be espec ia l l y  i n t e r e s t i n g  i n  the low r e s o l u t i o n  survey. 1 I :  t 

The 0.8-3.5 ~ l i i c ron  spect ra l  reg ion i s  espec ia l l y  important  f o r  
Inore soph is t ica ted cha rac te r i  za t i on  o f  the ~n inera logy.  Inlproved i 
detectors are appearing. Add i t iona l  labora tory  and theo re t i ca l  
work on i n t e r p r e t a t i o n  o f  ~ ' e f l e c t i o n  spectra i s  needed. 
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5. Radar s tud ies  of a small representa t ive  sample o f  main b e l t  
as te ro ids .  

6. App l i ca t i on  o f  t he  f u l l  complement o f  as t rophys ica l  techniques, 
i n c l u d i n g  po la r ime t r y  i n t e n s i v e  l i g h t c u r v e  studies,  f o r  the  
ob jec t s  o f  g rea tes t  s c i e n t i f i c  i n t e r e s t ,  f o r  those ob jec t s  
(such as Vesta) which a re  c e r t a i n  t o  be h igh  on the  l i s t  f c r  
space mission?, and f o r  a l l  ob jec t s  which emerge as good cdn- 
d ida tes  fo r  space missions on dynamical grounds. I 

We now seem t o  be passing from the  stage o f  t o t a l  ignorance about the  ground-based 
observable p rope r t i es  o f  a s t e r o i d  surfaces t o  a s t a t e  o f  cons iderab le  knowledge. One may L 

imagine t h a t  a f t e r  another few years debgted t o  the remaining important  observat ions and 
synthes iz ing  the  a v a i l a b l e  data, the  broad ground-based perspect ive  on the  nature  o f  t he  
asteroid; w i l l  be l a r g e l y  complete. The s c i e n t i f i c  approach must u l t i m a t e l y  s h i f t  from 
the observat iona l  cha rac te r i za t i on  o f  a s t e r o i d  surfaces t o  developing hypotheses concern- 
i n g  how as te ro ids  go t  t o  be the  way they are.  

Beyond those problems t h a t  can be tack led  from the ground, many fundamental quest ions 
I , about small bodies and imp l i ca t i ons  f o r  s o l a r  system h i s t o r y  r e q u i r e  c lose-up ana l ys i s  o f  

t h e i r  chemical, phys ica l ,  and geo log ica l  t r a i t s  ( e . g .  , minor minerals,  t r a c e  elements, 
i so top i c  composit ions, surface topography. composi t ional  he terogene i t ies ,  i n t e r n a l  s t ruc -  
ture,  e t c . ) .  Space missions a re  requ i red  t o  measure such p rope r t i es .  Since as te ro ids  are  
so numerous and so w ;  l ? l y  d ispersed i n  space, missions w i l l  necessar i l y  be r e s t r i c t e d  t o  
on l y  a few bodies. Thus we must u l  t i i na te l y  r e l y  on remote-sensing data from the v i c i n i t y  , , 
o f  Ear th  t o  extend i n s i g h t s  gleaned from missions t o  the  e n t i r e  a s t e r o i d  popu la t ion .  

I n  conclusion, ground-based as te ro id  science has made s u f f i c i e n t  progress so t h a t  we 
can be con f i den t  i n  designing a space mission exp lo ra t i on  s t ra tegy  tha t  w i l l  n o t  seem un- 
i n t e l l i g e n t  a decade hence. A t  the same time, there  remains h igh  p o t e n t i a l  f o r  f u r t h e r  
understanding o f  as te ro ids  from Earth- based programs t h a t  apply s t a t e - o f - t h e - a r t  techniques 
t o  spec ia l  subsets o f  the  popu la t ion  and addresr fundamental problems ra i sed  by the e a r l y  
reconnaissance data. 
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FhlJALE: About. t he  v a r i a t i o n s  i n  p o l a r i n ~ e t r i c  measurements--if na ture  made as te ro ids  very I 
nonuniform, you wouldn' t  know which var iab les  a re  vary ing,  because you ' re  l ook ing  ? t  
a composite o f  a thousand var iab les .  But na ture  makes them q u i t e  uniform, so polar im- 1 
e t r y  i s  a wonderful technique f o r  spo t t i ng  something r e a l l y  w i l d .  

I 

MCRRISON: Does u 0 .  the angle o f  zero p o l a r i z a t i o n ,  con ta in  mucli i n fom ia t i on  about rego- 
l i t h s  and dusty surfaces, o r  a re  these observat ions d i f f i c u l t  o r  i r~ lposs ib le  t o  i n t e r p r e t ?  



CHAPMAN: I t ' s  my view t h a t  p o l a r i z a t i o n  i s  t e l l i n g  us something abt, j l t  sur face p rope r t i es ,  
b u t  n o t  enough. I t ' s  t e l l i n g  us t h a t  there  are  i n t e v e s t i n g  d i f f e rences  between the  
as tero ids ,  bu t  there  i s  n o t  enough inforniat ion i n  p o l a r i z a t i o n  o r  even p o l a r i z a t i o n  
combined w i t h  photometry and o the r  techniques t o  spec i fy  what these d i f fe rences are.  
Once again, perhaps some i n s i g h t  may come w i t h  more obsi?rvations o r  w i t h  b e t t e r  labo- 
r a t o r y  data which would enable us t o  understand these d i f f e rences .  

VEVERKA: L e t  me come back t o  Fanale 's p o i n t .  P o l a r i z a t i o n  i s  a useful  technique. I t  can 
t e l l  you which as te ro ids  a re  d i f f e r e n t .  I t  does not  necessar i l y  have t o  t . t l l  you why 

t knowing the shape o f  the  

MATSON: I t  seems t o  me t h a t  the  d i f fe rences t h a t  can be detected w i t h  po ld l  i n ~ e t r y  a re  a t  
a  slllal l e r  sca le  than the  d i f fe rences t h a t  can be detected w i t h  rad ion~e t r y .  

CHAPMAN: I t h i n k  y o u ' r e  r i g h t .  This i s  another reason why po la r ime t r y  i s  important .  
MORRISON: You mentioned t h a t  masses a re  known f o r  t h ree  as tero ids ,  bu t  on l y  two a re  pre-  

c i s e  enough t o  t e l l  us something. I expect we w i l l  no t  ge t  many ! lore w i t h  a  p r e c i s i o n  

MATSON: With c u r r e n t  rada r  technology, we can ge t  ranges t o  the l a r g e r  ?s tero ids ,  and 
once you have a  record  o f  ranging data t o  Ceres o r  Vesta over a  per iod  o f  f i v e  years 
o r  more, you can s t a r t  t o  p u l l  o u t  as te ro id  masses. 

VEVE2KA: I t h i n k  yoi! have a  problem there  w i t h  t ime sca!es. I t ' s  c e r t a i n l y  t r ue  t h a t  
over a  long per iod  o f  time, say 100 years, you cou ld  g e t  those a s t e r o i d  masses. 

MATSON: Yes, t h a t ' s  t r u e  fo r  the  l a r g e  amplitudes t h a t  one must use w i t h  ground-b;;ed 
astrometry.  But w i t h  radar  you don ' t  have t o  go fo r  tht: maximum amp1 i tudes. You can 
take some l i t t l e  wiggle.  

the themes become abso lu te l y  c r u c i a l .  Maybe 10 years from now we may f i n d  a  p e c u l i a r  

techniques. 
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j 
The matura t ion  o f  our knowledge o f  as te ro id  surface mineralogy 
from iar tn-based measurements and the simultaneous advent of a  I 

powerful new low- thrus t  propu ls ion s  stem ( I o n  Dr i ve )  have 
brought u~ t o  the thresho ld  of i d e n t i f y i n g  a  s c i e n t i f  i c a l  l y  
a t t r a c t i v e  i n i t i a l  a!,teroid-dedicated mission. Science re -  
quirements d i c t a t e  rendezvous w i t h  several  as tero ids  which 

Our cu r ren t  knowledge o f  t he  as tero ids  suggests t h a t  they nldy prov ide a  unique source 
1 ;  ; \ 

o f  i ~ ~ i g h t s  i n t o  the format ional  cond i t ions  and subsequent h i s t o r y  o f  t h e  s o l i d  bodies o f  i i  I 

t he  s ~ l a r  system. There are  about 2000 as tero ids  w i t h  well-determined o r b i t s ,  and w i t h  I '  - t h e  a p p l i c a t i o n  o f  c u r r e n t  observing techniques t h i s  number could reach 50,000. Most o r -  
S i t  t h e  Sun i n  modestly i n c l i n e d  and eccent r ic  o r b i t s  between 2  and 4  AU. Our strongest 
source o f  s c i e n t i f i c  in format ion about the as tero ids  comes from observat ions o f  t h e i r  sur- 
face o p t i c a l  p rope r t i es  (which strong1 y  imply surface mineralogy) and comparison o f  these 
p roper t i es  w i t h  those o f  meteor i tes f o r  which a  gre3t  l i b r a r y  o f  chemical and i so top i c  
data, w i t h  genet ic impl ica t ions,  i s  ava i lab le .  A danger i n  s ~ c h  comparison i s  tha t ,  a l -  

l ; 
though most (bu t  n o t  a l l )  as tero ids  s t rong ly  resemble some c lass  o f  meteor i tes i n  t h e i r  
o p t i c a l  p roper t ies ,  hence minera log ica l  composition, t he re  i s  no guarantee t h a t  t h i s  equiv- 

j 
alence extends t o  other ( t race  element, i so top i c ,  c h r m o l o g i c a l  , etc .  ) p rope r t i es  which 

i 
character ize  the  meteor i tes.  Other than q u a l i t a t i v e  inferences which may be drawn from , 1 

re f l ec tance  spectra, we have no direct information concerning the chemical compositions of I '  

asteroid surfaces. Except f o r  two as tero ids  f o r  which approximate (+lo%-20%) d e n s i t i e s  1 I 

are  ava i l ab le ,  we have no d i r e c t  Lu l  k composit ional i n fo rma t ion  whatsoever, l e t  alone i n -  I 
'i 

fo rmat ion on zonal s t ruc tu re .  F i n a l l y ,  even the o p t i c a l  p rope r t i es  r e f e r  on l y  t o  the whole ' B  

d isks;  t he re  has been no spect rd l  mapping o f  t he  as tero ias  except f o r  l a rge  numbers of  
l i gh tcu rves  (albedo a t  a  p a r t i c u l a r  wavelength versus ro ta t io -a1 phase) and p o l a r i z a t i o n  

should be c a r e f u l l y  chosen on t h e  basis o f  Earth-based obser-  
vat ions,  and i nves t i ga ted  as g loba l  e n t i t i e s .  Sat is fac tory  
execut ion of t h e  key remote sensing experiments requires long 
rendezvous/orbit times. The d e l i v e r y  o f  one o r  more hard 
landers t o  as te ro id  surfaces i s  a l s g  s c i e n t i f i c a l l y  des i rab le  

. a and w i t h i n  the  c a p a b i l i t i e s  o f  an Ion Dr i ve  system. Such a  . . 
mission could prov ide unique i n s i g h t s  i n t o :  (1)  t he  physical  

' t .  1 /;.- and chemical cond i t ions  du r ing  p lanetary  format40n, (2)  t h e  
i n t e r n a l  d i f f e r e n t i a t i o n  h i s t o r i e s  o f  so l  i d  p1ar:otary bodies, 
( 3 )  t h e  genet ic  re la t i onsh ips  among small s o l i d  Sodies of  t he  

1 i so la r  system, (4) the  c o l l i s i o n a l  h i s t o r y  c f  the as tero ids  m d  
i t s  imp l i ca t i ons  f o r  the  bombardment of p lanetary  surfaces, and 
( 5 )  t h e  p o t e n t i a l  o f  as tero ids  as sources o f  rsw mate r ia l s  f o r  1 - . j  I ' ..,I 
space ~ t i l i z a t i o n .  

I 1 j : I  

i 1 d data. 
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S t i l l ,  t he  Earth-based o p t i c a l  data c o n s t i t u t e  our  "s t rong s u i t "  as f a r  as s c i e n t i f i c  
i n fo rma t i on  on the  as tero ids  and t h e i r  r e l a t i o n s h i p  t o  the  s o l a r  system as a  whole i s  con- 
cerned. These data must a l so  serve as the  foca l  p o i n t  o f  any at tempt t o  p lan  i n t e l l i g e n t -  
l y  i n  i n i t i a l  a s t e r o i d  missions.  There are  moderate spect ra l  r e s o l u t i o n  (-24 spect ra l  
element) data i n  the  0.3-1.0 um range a v a i l a b l e  on about 200 as te ro ids  and broad-band UBV 
photometry on perhaps another 300 (cf. , Morrison, 1978; Chapman and Ze l l ne r ,  1978). For 
about 30 as tero ids ,  t he  0.3-1.0 uln d a t ~  have been augmented w i t h  observat ions a t  two spe- 
c i f i c  wavelengths f u r t h e r  i n t o  t he  i n f r a r e d  (1.6 and 2 .2  um). Continuous speztra from 
0.3-2.5 UITI a re  a v a i l a b l e  f o r  on l y  a  few as tero ids .  

The f i r s t  conclusion from these data i s  t h a t  as te ro id  surfaces tend t o  fa1 1  i n t o  one 
o f  several  r a t h e r  d i s t i n c t  spect ra l  c lasses which resemble spectra o f  each o f  several  major 
mineraloyical /chemical  c lasses o f  metecr i tes  (Morrison, 1978; Bowel1 e t  a l . ,  1978). The 
data favor thc ex is tence o f  sgch d i s t i n c t  classes r a t h e r  than cont inua i n  t h a t  histograms 
of the  v i s i b l e  albedos (Morrison, 1977) and red:blue r a t i o s  o f  a l l  t he  s tud ied as tero ids  
are unequivocal ly  bimodal and because othel- s t ra igh t fo rward  p o r t r a y a l s  o f  the a;teroid re-  
f l e c t a n c e ~  ( e . g . ,  v i s i b l e  a l  bedo versus U-B magnitude, e t c .  ) tend t o  prcAuce d i s t i n c t  c l us -  
t e r s  o f  po in t s  ( Z e l l n e r  and Bowell, 1977; Bowel1 e t  ~l., 1978). However, sorre as tero ids  
do n o t  f i t  w e l l  i n t o  any f a m i l i a r  me teo r i t e  classes on the bas is  o f  t h e i r  spectra, and the 
frequency o f  f a l l s  o f  va, ious meteor i  t e  types appears t o  be r a t h e r  d i f f e r e n t  from the over- 
a l l  popu la t ion  d i s t r i b u t i o n  among the  as te ro ids - -a t  l e a s t  the b e l t  as tero ids .  Ne i ther  of 
these problems shakes the  apparent correspondence between a s t e r o i d  sur face spec t ra l  c lacses 
and c lasses of meteor i tes.  I n  the broadest sense, most o f  these a s t e r o i d  surfaces tend t o  
fa1 l i n t o  the fo l lowing c lasses:  C type (corresponding t o  o p t i c a l  p rope r t i es  of the  p r i m i -  
t i v e  carbonaceous meteor i tes) ,  S type (corresponding t o  stony meteor i tes  made up o f  o r d i -  
nary rock-forming s i l i ca te : ) ,  and M type (corresponding t o  i r on ,  s tony- i ron ,  o r  m e t a l - r i c h  
meteor i tes) .  For a  f u r t h e r  d iscuss ion o f  as te ro id  spectra, sen Gaffey and McCord (1977), 
Chapman e t  aZ. (1975). Bowel1 e t  aZ. (1978), and a  cu r ren t  review by McCord (1978). The 
dynamical arguments a l l ow ing  d e r i v a t i o n  o f  most meteor i tes  from the main b e l t  as te ro ids  
i t  l c l ud ing  d e r i v a t i o n  o f  some from Apo l lo  and Amor ob jec t s  which might  u l t i m a t e l y  have 
been der ived from the main be1 t )  seem s t rong (Wetheri 11, 1977; Wetheri 11, 1978; Anders, 
1978). 

j 
I i: A second o o i n t  :s t b a t  the  most populous c lass  o f  a s t e r o i d  surface speccra i s  equated I 

' / 
t . *: t o  the most p r i m i t i v e  and chemical ly  complete meteor i te  type: t he  carbonaceous meteor i tes .  

This supports the  genersl n o t i o n  t h a t  as te ro ids  may represent a  p o t e n t i a l  watershed of 
knowledge about e a r l y  s o l a r  system h i s t o r y  because they are minimal 1  y  a1 te red  remnants o r  

i 4 

i n c i p i e n t  subplanets t h a t  never modi f ied themselves endogenical ly  ( g e o l o g i c a l l y )  as h3s, 
say, the Earth. This no t i on - - t ha t  as te ro ids  are  genera l ly  p r i m i t i v e - - i s  a l so  supported 
by the observat ion t h a t  there  seems t o  be some concent ra t ion  o f  the ( l e a s t  modi f ied)  C 
as tero ids  i n  the ou te r  p o r t i o n  of the h e l t .  The C as tero ids  s t i l l  cannot be port rayed as 
being the most composi t i o n a l l y  unmodif ied o r  chemical ly  complete ob jec t s  ( i n  bu l k )  i n  the 
e n t i r e  s o l a r  system; present i n fo rma t i on  suggests both comets and ou te r  p lane t  s a t e l l i t e s  
nmy be more chemical ly  complete i n  terms o f  bu l k  composit ion. However, d i f f e r e n t i a l  sub- I 

l i m a t i o n  o f  i ces  makes cometary surfaces a  complex source o f  i n fo rma t i on - -espec ia l l y  con- 
cern ing  the i n i t i a l  s t a t e  of tho  non-icy c o ~ p o ~ e n t  which was i n i t i a l l y  a v a i l a b l e  i n  the  

I 

inner s o l a r  system, ,,bile endogenic d i f f e r e n t i a t i o n  ( i t  i s  easy t o  me1 t and d i f f e r e n t i a t e  ! '  
I 

a  l a r g e  predominantly i c y  o b j e c t )  creates s i m i l a r  complex i t ies  f o r  the o u i e r  p lanet  s a t e l -  I 

i 1 i tes.  Also. the  c o r r e l a t i o n  o f  a s t e r o i d  coniposi t i o n  w i t h  h e l i o c e n t r i c  d is tance suggests 
r I 

i 
t ha t ,  desp i te  considerable scrambling, most s u r v i v i n g  as tero ids  seem ( u n l i k e  comets) t? be 
i n  roughly t h e i r  o r i g i n a l  o r b i t s .  Thus as tero ids  seem most l i k e l y  :o be dominated by 
ma te r i a l  which gives c lues  t o  the o r i g i n a l  na ture  o f  s o l i d  ma te r i a l  which formed the i nne r  1 
p lanets .  ( I r o n i c a l l y ,  t he  i n i t i a l  n o t i o n  t h a t  thi:  hact t o  be so j u s t  Secause they were I 
too small t o  have any geo log ica l  (endogenic) h i s t o r i e s  o f  t h e i r  own now seems t o  be an 
o v e r s i m p l i f i c a t i o n  (see below).)  1 

A t h i r d  p o i n t  i s  tha t ,  desp i te  t h e i r  apparent s ta tus  as an asseniblage which g ~ - n ~ r a l . : y  
r e f l e c t s  the raw s t a t e ( s )  o f  the  mat ter  which made up the  i nne r  s o l a r  system, c e r t a i n  o f  
the a s t ~ r o i d s  appear t o  have remarkably d i f f e r e n t i a t e d  surfaces.  No d s t e r ~ i d  appears i ; 
large  enough t o  have d i f f e r e n t i a t e d  by the processes which are  usua l l y  c z  I ted w i t h  

1 
194 1 

i 

3 ,  I 
1 1 -  

I ' j 1 1  1 ,  I O )  ; [ . * I  ' 1  i I 
-A--- - - 1  L -- - .- - . 

i ' 



p lanetary  d i f f e r e n t i a t i o n ,  i.e., conversion o f  g r a v i t a t i o n a l  energy t o  heat  o r  accumula- 
t i o n  o f  heat  from decay o f  l ong - l i ved  nuc l ides  such as 2 3 e ~ ,  235U, 232Th o r  40K.  I n  such 

1 small  bodies (2600 km diameter)  t he  heat  would be l o s t  as f as t  as i t  accumulated so i t  
would never ge t  ho t  enough i n s i d e  t o  me l t  most s i l i c a t e s  o r  metal .  Does t h i s  mean t h a t  

I as tero ids  represent fragments from a  d i s rup ted  very l a r g e  ob jec t  exceeding the  summed 
mass o f  a l l  the su rv i v i ng  as te ro ids  by a  l a r g e  f a c t o r ?  More l i k e l y ,  we may have overlooked 

I an important. heat  source t h a t  "works" even ( o r  e s p e c i a l l y )  f o r  smal l  bodies w i t h  sho r t  
, thermal l a g  t imes. One a s t e r o i d  (4  Vesta) appears covered w i t h  b a s a l t i c  surface f lowc.  

One c lass  o f  meteor i tes  ( t he  b a s a l t i c  achondr i tes)  a l so  seems t o  have been der ived from 
such sur face flows. Yet t h i s  o b j e c t  (Vesta) has a  diameter o f  on l y  550 km. How o l d  i s  
t he  sur face o f  Vesta and c f  o the r  as tero ids  which are  suspected o f  having d i f f e r e n t i a t e d  
surfaces? What heat source was responsible? Heat'ng by e l rc t romaqnet ic  i nduc t i on  asso- 
c i a t e d  w i t h  an e a r l y  stage i n  t he  Sun's development (Sanett  and Herbert, 1977) has been 
suggested as one poss ib i  1  i t y ;  another may he heat ing  by shor t -1  ived nucl  ides (e. y. , 26A1 ) 
l e f t  over from nucleosynthesis (Papanastassiou e t  aZ. , 1977). 60th could be e f f e c t i v e  
dcsp i t e  the  sho r t  thermal l a g  o f  these small ob jec ts .  A l l  suggestions are  sub jec t  t o  
t e s t s  by study o f  the  c r a t e r i n g  h i s t o r i e s  of these d i f f e r e n t i a t e d  surfaces as we l l  as 
o ther  measurements. 4 key p o i n t  i s  t h a t  we may have f a i l e d  t o  i nc lude  such important  
e a r l y  heat sources f o r  t he  l a r g e  i nne r  p lanets  i n  our ana l ys i s  o f  t h e i r  thermal h i s t o r i e s . *  
The Moon i s  an example o f  a  susp ic ious ly  small body which was r a t h e r  thoroughly me1 ted 
very e a r l y  i n  i t s  his to:^. But the  Moon i s  a  bo rde r l i ne  case; acc re t i ona l  twergy cou ld  
conceivably have beer s u i f i c i e n t  t o  me1 t i t s  ou te r  po r t i ons .  The problem i s  more sharp ly  
etched fo r  Vesta; it seems too small f o r  t he  :;icrgy sources propcsed f o r  t.he Khon's 
d i f f e r e n t i a t i o n  t o  . ave been e f fec t i ve .  Also i t  has two neighbors, Ci-res and Pa l las ,  
which a re  l a r g e r  h~,t apparent ly  i ~ave  p r i m i t i v e  carbonaceous surfaces. C lea r l y ,  there  a re  
some major myster ies invo lved i n  our uncerstanding o f  energy sources i n  t he  earl:. 2 l a r  
system, and c l e - i r l q  the as te ro ids  are  a  p o t e n t i a l  source o f  i n fo rma t i on  which may lead t o  
the  e x p l i c a t i o n  o f  these energy soi,rces. 

A  fou r th  p c i n t  i s  t h a t  the  as tero ids  a l s c  may represent a  major source of in format ion  
concerning the very poc r l y  understood phys i ce l  processes o f  p lanetary  accre t ion .  There i s  
some balance today between acc re t i on  and f ragmentat ion i n  the a s t e r o i d  b e l t .  By examin- 
i n g  a s t e r o i d  surfaces we may be ab le  t o  recreate  t h i s  c o l l  i s i o n a l  h i s t o r y  and understand 
why a  s i n g l e  as te ro ida l  p lanet  apparent ly  never formed. These c o l l  i s i o n s  may a l so  have 
revealed "cross sec t ions"  o f  the  f o r r e r  deep i n t e r i o r s  of as tero ids .  I n  add i t i on ,  these 
c o l l  i s i o n s  and dynamica 1 redrrangements have de l i ve red  t o  the t e r r e s t r i a l  p l a n e ~ s  a  good 
p a r t  o f  the borrbarding f l u x  which Loninated t h e i r  e a r l y  h i s t o r y  and the marks o f  which 
( c r a t e r s )  serve as a  useful chronometer t o  document t h a t  h i s t o r y  (Chapman, 1978). 

A f i f t h  p o i n t  i s  t h a t  as tero ids  represent a  w i l e ,  even w i l d l y  d ispdra te ,  assemblage 
o f  p e c u l i a r  surface mineralogies ranging from very m e t a l - r i c h  surtdces t o  surfacas r i c h  i n  
carbonaceous ma te r i a l s .  Tnis, together w i t h  t he  f a c t  t h a t  these a re  smdll bodies (which 
are  small eficugh t o  a l l ow  comparat ively easy e j e c t i o n  o f  t h e i r  surface ma te r i a l  t o  space 
o r  a l t e r a t i o n  o f  t h e i r  o r b i t s )  suggests--at !east f o r  the Earth-crossing a s t e r o i d s - - t h e i r  
poss ib le  e v e n t ~ a l  u t i l i z a t i o n  as economica!ly a t t r a c t i v e  sources o f  raw ma te r i a l s .  Such 
ma te r i a l s  c m l d  be used f o r  cons t ruc t i on  o f  l a r g e  space ; t ructures as opposed t o  the pos- 
s i  b l y  more expensive a1 te rna t i ves  o f  launching ma te r i a l s  from the Ear th  o r  processing them 
on--ar,d l au l l ch in j  then1 from--the Moon ( e . g . ,  see O'Leary, 1977). Thus we are  l ed  t o  the 
fo rn~u la t i on  of the  fo l l ow ing  key quest ions which seem espec ia l l y  appr ..,heble v i a  ac >et-cid 
s tud ies .  

*Even i f  the  plar lets themselves a c c r ~ t e d  too l a t e  t o  b e n e f i t  from s ~ c h  heat sources, the  
pro top lanets  t + a t  accreted to  form p lanets  may have been so d i f f e r e n t i a t e d .  
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QUESTIONS AMENABLE TO ASTEROID STUDIES 1 

1. What where p h y s i c a l  ar,d chemical c o n d i t i u n s  i n  t h e  s o l a r  system 
d u r i n g  p l a n e t a r y  a c c r e t i o n  1  i ke? 

a. Wha, were t h e  phyoical i n L e r a c t i o n s  among s o l i d  bod ies  o f  a l l  
s i z e s  l i k e  d u r i ~ g  a c c r e t i o n  o f  o u r  p l a n e t a r y  system? T h i s  
i n c l u d e s  processes o f  a c c r e t i o n ,  f ragmenta t ion ,  and dynarltic 
rearrangement .  What do these p h y s i c a l  c o n d i t i o n s  i m 3 l y  f o r  
t h e  f o r m a t i o n  and i n i t i a l  s t a t e  o f  v e r y  l a r g e  o b j e c t s  l i k e  
t h e  E a r t h  and t h e i r  subsequent bombardment h i s t o r y ?  

b. What chcnriral f r a c t i o n a t i o n  processes opet a t e d  d u r i n g  conden- 
s a t i o n / a c c r e t i o n  t o  produce d i f f e r e n c e s  i n  b u l k  composi t i o n  
among a s t e r o i d s  and c o u l d  these s=ne processes account  f o r  
apparen t  d i f f e r e n c e s  i n  b u l k  cornposi t i o n s  anlong t h e  t e r r e s -  
t r i a l  p l a n e t s ?  D i d  t h e w  c o n d e n s a t i o n / a c c r e t i g n  processes 
p r ~ d u c e  "ready-made" o r  iriiti<aZ zona l 1  a y e r i  ng = ~ i t h l ~  astei.- 
o i d a '  Jr  p l d n e t a r y  bod ies  i n  t h e  s o l a r  sys ten?  

2. What magmatic processes operated w i t h i n  a c c r e t e d  bod ies  t o  
produce i n t e r n a l  d i f f e r e n t i a t i o n ?  

When d i d  these  processes o p e r a t e  and what were t h e  energy sources 
( s h o r t - 1  i v e d  n u c l i d e s ,  s o l a r  e lec t ron iagne t i c  i n t e r a c t i o n ,  e t c .  ) ?  
Why d i d  they seemingly  a f f e c t  some a s t e r o i d s  and n o t  o t h e r s ?  D i d  
they  a f f e c t  t h e  E a r t h  and t h e  o t h e r  p l a n e t s  as w e l l ?  

3. What a r e  t h e  g e k t i c  r e l a t i o n s h i p ;  among s n a l l  bod ie  i n  t h p  s o l d r  
system? 

Are t h e r e  p a r e n t a l  r e l a t i c n s h i p s  arliong ( a )  v a r i o u s  o r - b i t a l  f a m i l i e s  
o f  a s t e r o i d s ,  ( t )  v a r i o u s  s p e c t r a l  c l a s s e s  o f  a s t e r o i d s ,  ( c )  comets, 
( d )  m e t e o r i t e s ,  ( e )  p l a n e t 3 r y  s a t e l l i t e s .  arld ( f )  i r , t e r p l ,  n ~ t a r y  or 
i n t e r s t e l l a r  d u s t ?  I n  wnat c o n t e x t  does t h i s  p l a c e  t h e  vas t  l i b r a r y  
o f  i s o t o p i c ,  qcochernical . t e x t u r a l ,  and o t h e r  i n f o r m a t i o n  we have 
a l r e a d y  accumulated on  ~ r i e t e o r i t o s  and whct.  i n  t u r n .  does t h i s  t e l l  
.JS about  p l a n e t e s i m a l  / p l a n e t a r y  genes is?  

4. What i s  t h e  p o t e n t i a l  o f  the  a s t e r o ' j s  as cources  o f  r2w ~ l i d t e r i d l s ?  

What v a r i e t y  o f  raw n t a t e r i a l s  a r e  a v a i l a b l e !  I s  m i n i n g  f rom a s t e r -  
o i d s  o f  any o f  these m a t e r i a l s  f o r  any no91 i c a t i o n  p r e f e r a b l e  t o  
m in ing ,  p rocess ing ,  and l a u n c h i i g  f rom Edr th ,  o r  m i n i n g  f rom non- 
a s t e r o i d a l  e x t r a t e r r e s t r i a l  sources such as t h e  Moon? 

The p reced ing  key q u e s t i o n s  a r e  e s s e n t i a l l y  those wh ic l i  were s i n g l e d  o u t  i n  t h e  7,.;.- 
the: Terrcetj*ial ,;.c,Jlcs S P ! , . ~ , ,  k!-rk:r::; u".L~:cy (?rand t ,,t cz? .  , 1977) . 

SCIENCE STRATEGY AND MISSION TACTICS 

Wnat does a l l  t h i s  i n f o r r ~ ~ a t i o n  t e l l  us about  how ( o r  indeed whether )  t o  d e s i g ~ i  an 
a s t e r o i d - d e d i i a  ted  m i s s i o n ?  Some p ~ o p l  e  ~ r ~ i g h t  conc lude  t h a t  t h e r e  d r e  so lntny a s t e r o i d s  
o f  such v d r i e d  con ipos i t i on  t h a t  t h e  deh ign  o f  a  v a l i d  n ~ i s s i o n  which s t u d i e s  o n l y  a t i n y  
f r a c t i o r :  o f  a  p e r c e n t  o f  then  i s  a  hopeless t a s k .  Others m'ght  c o n t m d  t h a t  t h e  ground- 
based progranl has ~ r o v i d e d  so much knowledge o f  t h e  a s t e r o i d s  t h a t  we ouqht  t o  w a i ~  u n t i l  
s p a c e c r a f t  reconnaissance o f  ;he e n t i r e  s o l a r  system i s  accomplished b e f o r e  ,ve v i s i t  then]. 



S t i l l  ochers ma conc lude  t h a t  o u r  knowledge o f  a s t e r o i J s  i s  t o o  nleagw t o  p e r n ~ i  t j u d i -  
c i o u s  I m s s i o n  p  'i ann ing  o r  s e l e c t i o n  o t  t a r g e t s .  

1  d i s a g r e e  w i t h  !uch conc lus ions  and conc lude  t h a t ,  thanks t o  t h e  ground-based p r o -  
gram, wi have just UXJ reached the threshold of k~~,-lrZeJge w,'lert. J vsZi2 Ir.v(-st ':ration of 
this cnonnous population of objects frorrl S P G L ) ~  " I L : ~  . i t i t  1 ? e  Moreover, I 
conclude (see n e x t  s e c t i o n )  t h a t  o u r  conceptuai  des igns  f o r  low-thru;t  ~ r o p u l s i o n  systems 
have a l s o  j u s t  r e c e n t l y  matured t o  t h e  p o i n t  where a  v i  a b i e  a s t e r o i d - d e d i c a t e d  m i s s i o k  so 
p lanned may ac t l ra l  l y  be executed. S p ~ c i f i c a l  l y ,  based on .Cle i n f o r m a t i o n  i n  t h e  p r e v i o u s  
s e c t i o n ,  I conclude:  

1. A sci,v1:r'f.~r,r?7~{ v a l i d  i n i t i a l  a s t e r o i d  m i s s i o n  must v i s i t  
st.vt>rul a s t e r o i d s  and n o t  j u s t  one. 

2 .  Th- task  o f  choosing a s t e r o i d  t a r g e t s  i s  n o t  ho?c l?ss .  Ins tead .  
t h e  Earth-based d a t a  a l l o w  us t o  s e l r r t  r e p i ~ s e ~ t a t i v c s  o f  a11 
&sr s p e c t r a l  c l a s s e s  and t o  i d e n t i t y  other '  u n i q u e l y  i n t e r e s t i n g  
t a r g e t  o b j c c i s  as w e l l .  

3. Such a  rn iss ion w i l l  ach ieve  h i g h  s c i e n t i f i c  s t a t u s  , v ~ : y  i f  i t  
f i l l s ,  f o r  t h e  s e l e c t e d  a s t e r o i d s ,  t h e  two g r e a t e s t  gars i n  o u r  
knowledge, nave ly  i n f o r m a t i o n  on t h e i r :  

b. surjtrce L*ilc~rl-~! C J ~ ~ ~ S : ' : ~ O P : ,  i n c l  u d i  ng t h e  niakia~ui,~ I;::,=unt o f  
accuracy and s p a t i a l  r e s o l ~ t i o n  c o n s f - t e n t  w i t h  achieve:'le:t 
o f  t h e  o t h e r  l i s t e d  m i s s i o n  1411s.  

4 .  S p e c t r a l  d a t a  shou ld  elrnpl ; i ze  s p a t i a l  r e s o l u t i o n  o f  twc c l a s s e s :  

a. ve ry  broad-band rrlul t i s p e c t r a l  i l .>agir,g 

b. h i g h  s p e c t r a l  r e s o l u t i ~ r ,  - i i odera te  s p a t i a l  r c s o l  u t i o n  ~,japc,ing. 

I 5. Some at ternpt  i t  i n v e s t i g a t i n q  the  i n t e r n a l  z o n j l  ; t r u c t u r c  o f  tbe  

1 : a s t e r o i d s  should be made. 

i I have made a  semi-ser ious a t t e  :?t a t  c o ~ j t r  ,c ]rig a  s ~ x i  f i c  ~yr;ssion sct.riar.i~r, 
Table 1 .  based on these p r i n c i p l e s .  Th is  scenar'i: j :n tend?d d:, an i l l u s t r - a t i o n  o n l y .  1 I n  t " e  nex t  s e c t i o n .  i t  w i l l  be shown t h a t  sorllr s p r i f i c  , . i c n a r i o s  n+l r r l i  as dr811rnding 

' w i t h  r e s p e c t  t o  b " th  t a r g e t s  arid encounter  c o n 4 i t ; ~ r t s  ( s o ?  below) ah t h a t  q i v e t ~  het-c 3s  rri 1 i l l u s t r a t i o n  o f  sc ience  d e s i r e s  have a l r e a d y  been i d e n t ' f i e d  by Fender ( 1 9 7 1 )  as heir iy 
w i t h i n  t l i e  c a p a b i l i t v  o f  an I o n  r ) r i v e  r ~ i i s s i o r ~  . ~ n d  conipa+ib;e w i t h  t h e  d e l i v e r y  o f  J s d t i s -  
f a c t o r y  s c i e n t i f i c  p a j l c a d  ds we1 1. I r ,  Table 1, I have ; is!ci  the  de1.1dn4ed or  ?refer-t-ed 

, t a r g e t s .  t h e  ~ h a r a c t e r i c ~ i c s  o f  t h e  t a r g e t  ( i f  un ique)  o r  :k,o;e o f  t c e  c l a s s  t h a t  i t  
r e p r e s e i t s ,  the  nu~nber o f  dependably i d e n : i f i a b l r  r ,~:.c ' idates r 3 t i s f ; t i n y  t h e  d e t c r : u t i o n  
and the  reasons why t h a t  a s t e r o i d  of- cia., or ac,teroid deser-ves L 31cl-r :n the  l i 1 , ) i ted  
l i s t  o f  t .argets. To u n d e r l i n e  t h e  i l l u s t r n t i v e  n a : ~ ~  c. <)f   his -,:en:l.iu. 1 shou ld  p o i n t  

i n u t  t h a t  t h e r e  a r e  a t  l e a s t  two c l a s s e s  o f  o b ~ ~ c ~ s  whicr,  cou!d ~ r n : l t ~ l h r ~  h e  s u b s t i t ~ t e d  
f o r  those I have 1 i s t t . j .  ( 1 )  a  ~: lc~: lber  o r  ~ne~vher: t ~ f  a  d i s c r e t e  o r h i t a i  fa1:111y (hecal lse 

; o f  t h e  p o s s i b  l i t y  t h a t  zones i n t e r n a l  t o  a f r-agn~cntcd p r -oqcn i tn r  1 > . 1 1 h t  tic expcscd; F~ysa 
(Tab le  1  ) qua1 i f i e s  as t h e  la t -ges t  ~riec~lher o f  a  12-nre111ber orb1 t a l  f a r l ~ i l y l .  a:id ( ? )  dn a 5 t e r -  
o i d  o r  a s t e r o i d s  known cn t h e  b a j i h  o f  i t s  o p t i c a l  p r o p e r t i e s  t c  bc ~ r i  , . . l i h r l v  sour-cc o t  i 

any m e t e o r i t e s  i n  hand. F i n a l l y .  i t  seerrrs ~ l n l i k e l y  :hat lllore than  fo~ . - - : c  C:l/t. ~ i t e r o i d s  \ 

pe r  lduncC1 c o u l d  be i n c l u d e d  i r i  an a c t u a l  ~r iu l  t i  -rcnde:vo~rs r l ~ i s s i o n .  
# 



Table 1. An Example Multi-Rendezvous Miss ion  

No. of 

- Global d i f f e r e n t i a t i o n /  
t ime?/energy source?/source 

s a l  t - 1  i ke mater i -  o f  achondri tes? 
a l / c o l o r  va r i es  

- Largest  o b j e c t l r e l  i c ,  no t  
d i  sruptedlgeneral  l y  p r i m i  - 
t i ve lmos t  p o p u l o u ~  c lass /  

bedo); water band l a r g e s t  thermal lag/region- 
a1 endogenic e f fec ts?  

> I 0  Prirni t i ve?/source of ca r -  
bonaceous chondr i tes? 

- D e r i v e d f r o m m a n t l e s o f  
d i f f e r e n t i a t e d  ob jec t s?  

12 V i c t o r i a  > I 0  Clar; dei - i .vd  from mantles 
o f  d i f f e r e n t i a t e d  ob jec t s?  

o ther  S w i t h  and pyroxene 
01 i v i n e  and bands 
pyroxene 

> I00  Representat ive of l a r g e  
c l  asslmost p r i m i  t ivelchem- 
i c a l  composi t ion important1 
easy t o  f ind/source o f  some 
carbonficeous chondr i  tes /  
cornpar e  w i t h  Mars ' moons ----- -- 

>40 Representat ive o f  l a r g e  
! 1; c lass leasy  t o  f i n d  . ,  -- 



. . . .  % 

What should the  s c i e n t i f i c  payload be? The measurement of  s a t i s f a c t o r i l y  accurate 
dens i t i es  requ i res  mass measurement accurate t o  1% o r  be t te r .  For a  200 km diameter 
rocky as te ro id  t h i s  can be done w i t h  a  c loses t  approach o f  l o 5  kn, i f  the  v e l o c i t y  i s  
1  km sec-I. The o ther  i ng red ien t  i n  t he  dens i ty  rec ipe  i s  the volume, which requ i res  
g loba l  shape measurement. This i s  so because small as tero ids ,  unable t o  reassume hydro- 
s t a t i c  e q u i l i b r i u m  shapes a f t e r  l a rge  ,impacts, can have "b i t es "  missing from them which 
w i l l  mcdify the volume ca l cu la t i ons .  An approach w i t h i n  1000 km o r  l ess  should prov ide 
sa t i s fac to ry  r e s o l u t i o n  fo r  t h i s  purpose i n  the case of a  CCD camera. For imaging upon 
rendezvous 01. o r b i t ,  a t  l e a s t  s i x  broad-band f i l t e r s  should be p a r t  of t he  camera system 
and should be c a r e f u l l y  chosen, no t  on l y  t o  produce good c o l o r  p i c tu res  o f  the  ob jec t ,  bu t  
t o  c reate  a  s y n e r g i s t i c  base f o r  extension of the  r e s u l t s  o f  a  h igh spect ra l  reso lu t i on -  
moderate (km) r e s o l u t i o n  spect ra l  mapper. A conceptual vers ion o f  the  l a t t e r  instrument 
has been proposed fo r  t he  Lunar IJolar  O r b i t e r  mission and has already been t e n t a t i v e l y  
accepted fo r  t h e  G a l i l e o  mission. Such an instrument can produce d e f i n i t i v e  moderate t o  
low r e s o l u t i o n  maps o f  mineral  d i s t r i b u t i o n  over the  as te ro id  surface. Also, a  prominent 
H20 band has j u s t  been i d e n t i f i e d  on the  as te ro id  Ceres (Lebofsky, 1978). Maps of H20 
d i s t r i b u t i o n  on as te ro id  surfaces may be produced and c o n s t i t u t e  an important  and obvious- 
l y  e x c i t i n g  produce o f  t h i s  and the gamna-ray equipment: both a  gamna-ray and x-ray f luo-  
rescence instrument are necess i t ies  on the payload because together they wi 11 prov ide de f i n -  
i t i v e  chemical analyses o f  the  major element abundances and selected ahindances o f  espe- 
c i a l l y  cosmochemically important  minor o r  t race  elements. Analyses o f  H, 0, C, Na, Mg, 
A l ,  S i ,  K, Ca, T i ,  Fe, Th and U are  possible.  O f  p a r t i c u l a r  i n t e r e s t  dould be the poten- 
t i a l  o f  the  gamma-ray instrument f o r  measuring the C and espec ia l l y  H d i s t r i b u t i o n  s ince 
the h i s t o r y  o f  H20 and o the r  v o l a t i l e s  associated w i t h  C as tero ids  w i l  I 5e an important  
area of  i nves t i ga t i on .  These measurements are  abso lu te ly  essen t ia l  t o  the f u l f i l l m e n t  of I 
t he  major science goals as ind ica ted above. The reader i s  re fer red t o  the discussion o f  
remote chemical measurements by Arnold (1978). Nonetheless, the  qua1 i t y  o f  chemical data 
i s  enom~ously dependent on the encounter cond i t ions .  Based on the science needs o f  t h i s  
mission, and the  p r a c t i c a l i t i e s  invo lved (see below), low s p a t i a l  r e s o i u t i o n  chemical map- 
p ing  emerges as a  requirement. There i s  no guarantee t h a t  vas t l y  d i f f e r e n t  geochemical 
provinces would be seen since the  low g r a v i t a t i o n a l  f i e l d s  a l l ow  s i g n i f i c a n t  g loba l  re-  
d i s t r i b u t i o n  o f  e jec ta  t o  r e s u l t  f m m  impacts. Also the albedos o f  most as tero ids  show 
somewhat meager o r  nonexistent  o p t i c a l  va r ia t i ons  w i t h  r o t a t i o n  o f  most. S t i l l ,  these are  
wnole d i s k  data and there  i s  the  p o s s i b i l i t y  o f  some windows i n  some as te ro id  c rus ts  t h a t - -  
g iven the combination o f  chemical and spect ra l  mapping--could be q u i t e  revea l ing .  This 
might be t r u e  f o r  t he  l a r g e s t  as tero ids  where impacts have more d i f f i c u l  t y  i n  spreading 
m a t e r ~ d l  over most o f  the  as tero id .  P i l e s  o f  la rgegxposed blocks may character ize  major 
impact s i t e s .  Also i t  i s  genera l ly  assumed t h a t  smal ler  as tero ids  are e s s e n t i a l l y  i n  t he  
erosional  mode. Thus the statement t h a t  "as tero ids  p a i n t  themselves grey" may prove more 
t r u e  than fa lse ,  bu t  t he  meager s t a t e  o f  our knowledge o f  these ob jec ts  leaves s p a t i a l  
r e s o l u t i o n  f o r  chemical and spect ra l  measurements as an important  goal. A  discussion o f  
some o f  these problems i s  given i n  t h i s  volume by Chapman (1978). . - 

A c r u c i ~ i  p o i n t  i s  t h z t  very slow f l ybys  ( ~ 2 0 0  m sec I )  a re  v a s t l y  p re fe rab le  t o  fas t  
f l ybys  o f  the  type o f fered by t y p i c a l  b a l l i s t i c  mu1 t i -encounter  missions ( e . g . .  4-10 km 
sec - I )  i n  t h a t  tne l a t t e r  seem t o  o f f e r  only crude (10-15%) chemical analyses o f  on l y  a  
few chemical elemertts. For a  major as te ro id  a  slow ( ~ 2 0 0  m sec- I )  f l y b y  i s  capable of 
prov  ding prec ise  elemental analyses owing t o  the longer i n teg ra t i ons  times. When the 
s tay  t ime a t  t he  as te ro id  i s  several days, then no t  on l y  could p r ~ c i s e  a  alyses be ob- 
ta ined f o r  several elements, b u t  t h i s  ana lys is  cou ld  be extended t o  cover ; l a r g e  p o r t i c n  
o f  the as te ro id  and crude analyses could be obtained f o r  each of  a  handful of  s p a t i a l  e le -  
ments, a f f o r d i n g  a  crude chemical map. I f  the o r b i t  could be maintained f o r  tens of  days, I 

then a  rea l  map, conta in ing perhaps 100 s p a t i a l  elements, could be ob ta ine j .  Such a  pro- 
cedure could a  I lcw s p o t t i n g  even f a i r l y  small regions o f  unusual chemical compositions-- 
such as the w ind~ws  mentioned above. Beyond these s tay  times, f ie ld -o f -v iew l i m i t a t i o n s  
come i n t o  pla;. Also, t he  accuracy i s  l i k e l y  t o  be l i m i t e d  by c a l i b r a t i o n  unce r ta in t i es  
ra the r  than nreci* . ior \ .  F igure 1  gives a  very crude back-of-the-envelope representa t ion  of 
t he  dependence o r  t he  qua1 i t y  o f  chemical in format ion f o r  a  t y p i c d l  of f - the-she1 f instrument 



x , 

10 SPATIAL ELEMENTS . , 

AT 1% PRECIS ION 

STAY TIME WHEN FIELD OF VIEW FILLED, hours 

f i g .  1. A h i g h l y  gc?net,dl i zed representa t ion  o f  the t y p i c a l  p rec i s i on  w i t h  which the r a t i o  
o f  two lndjor elements might  be determined as a f unc t i on  o f  f l y b y  v e l o c i t y  o r  o r b i t a l  s tay  
t ime a t  a 500 km diameter as te ro id  w i t h  a 100 km c l o s e s t  approach o r  o r b i t a l  a t t i t u d e .  
Since n e i t h e r  the  elenlents nor the design o f  the rad iomet r ic  instrument (approximately an 
o f f - t h e - s h e l f  ins t rument )  a rc  spec i f i ed ,  the absolute values g iven should no t  be taken too 
l i t e r a l l y .  Also, i t  i s  on ly  p rec i s i on ,  no t  ( c a l i b r a t i o t l - l i m i t e d )  accuracy which i s  i n d i -  
cated. However, the s t rong dependence o f  t he  p r e c i s i o n  o f  whole d i s k  analyses on f l yby  
v e l o c i t y .  and the sharp dependence o f  mapping c a p a b i l i t y  on o r b i t a l  s tay  t ime are  f a i r l y  
port rayed.  The c lose.  f a s t  f;yby shown on the  l e f t  i s  no t  on l y  s c i e n t i f i c a l l y  unat t rac-  
t i v e ,  bu t  i t  a l so  requ i res  the developn~ent and use o f  p rec ise  o p t i c a l  nav iga t i on  techniques. . ' 

' !  I 

. . 

i n  an example enccunter. I t  i s  t r u e  t h a t  use o f  one G: the recen t l y  developed huge (and 
heavy) de tec to r  a r rays  would improve the  l eve l  o f  perfomlance f o r  a g iven s e t  c f  encounter 
cond i t i ons .  !iowever, encounter cond i t i ons  determine coverage and o the r  parameters as we1 1 
as s igna l - to -no ise ,  and g iven any instrument the  qua1 i t y  o f  the  r e s u l t  i s  so s teep ly  depend- . . . . 
ent  on encounter cond i t ions  as t o  m i l i t a t e  f o r  (200 a sec - I  r e l a t i v e  v e l o c i t i e s  and o r b i t  

I 

. I 

. . whenever poss ib le .  , . 
In format ion  concerning the thermophysical p rope r t i es  o f  the reg01 i t h  cou ld  be ob- 

ta ined from i n f r a r e d  r a d i o ~ n e t r i c  measurel~!ents from 8 pm to  40 ~ m .  Some a n c i l l a r y  composi- 
t i o n a l  data might  a l so  be obtained. Tracking might  p rov ide  valuable i n fo rma t ion  concerning ) I , .. 
l a t e r a l  mass va r i a t i ons .  Considering the possi  b i  1 i t y  o f  coalescence o f  several  l a r g e  nu- 

! \: c l e i  and the p o s s i b i l i t y  o f  the r e s u l t i n g  dens i t y  composite s u r v i v i n g  w i t h  minimal l a t e r  . , 

i n t e r n a l  evo lu t i on  o f  some o f  these ob jec ts ,  and cons ider ing  the p o s s i b i l i t y  o f  r a d i a l  ' I  

1 1  =- 

200 

0 
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Table 2. Example Payload f o r  As te ro id  Rendezvous ) :  

I .  
I . .  

O r b i t e r  
-- 

Instrument Mass Power (w) , . . 
- -- 

I 

1500 mn CCD Camera (800 x 800), ! 
mu l t i spec t ra l  ( 4  f i l t e r s )  

20 20 
I 

250 mn CCD Camera (800 x 800). I 
mu1 t i s p e ~ t r a l  ( 4  f i l t e r s )  

x-ray Fluorescence 2 2 . ; 
Y - ray  17 10 

Mapping Spectrometer 10 5 : 

7 4 Mu1 t i s p e c t r a l  Radiometer 

Radar A 1  t ime te r  12 30 
b 

F ie lds  and P a r t i c l e s  Fackage 10 15 

Micrometeoroid Detec tor  3 2 
i 

Tracking - 
-- -- 

TOTAL 81 kg 88 w 
3 1 

: I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I 

Lander (Mass = 80 kg*) t 
.-- -- - . - -- -- - -- 

Instrument Mass Power (w) , 
-- -- ; i  I 

i I 
' I *  

, I  , I 

I * 
Facsimi l e  Camera 1.5 1 .O I I -  

a-Backscat te r lp lx - ray  Fluorescence 2.0 1.5 i ,  

Seismometer 
2.0 0.2 ;i i : \  

Magnetometer 0.6 0.3 - - i '  

TOTAL 6.1 kg 3.0 w ! I  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 I 

I 

TOTAL MASS OF ORBITAL INSTRUMENT PLUS LANDERS: I .  ' 

81 kg ( o r b i t a l  instruments)  + 160 kg (80 kg x 2 landers)  = 241 kg ! 

*Each o f  two. 

; 

space was c l o s e l y  bound t o  the development o f  some s o r t  o f  Shutt le- launched low- thrus t  i 
1: ' r : 

propu ls ion  system (A tk ins  e t  a l . ,  1976). \ 

1 ;  I . 
Sincc then, NASA has committed t o  the  development o f  a p a r t i c u l a r  l ow- th rus t  p ropu l -  , . I 

s i o n  system. c a l l e d  Ion  Drive, which i s  based upon the  SEP concept, bu t  ~ n i c h  has much 
h igher  thrust.ar power l e v e l s ,  an improved a r ray  o f  s o l a r  c e l l s  and o the r  major  design 

I . 
1,; ; 

! < .  

I 
, .  , 

! 1 1 1  I 
A *-- 

.- .----: .--- - - - 
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improvements. Using Ion Dr ive,  a l a r g e  s c i e n t i f i c  payload, i nc lud ing  poss ib le  m u l t i p l e  
landers, can be de l i ve red  t o  a wider v a r i e t y  of as te ro ida l  t a rge ts  f o r  rendezvous l a s t i n g  
several tens o f  days a t  each as te ro id  (Bender, 1977). I n  the  case o f  as tero ids  w i t h  diam- 
e te rs  >50 km, i t  would no t  on l y  be des i rab le ,  b u t  necessary, t o  o r b i t  f o r  the  du ra t i on  o f  
t he  rendezvous. O r b i t a l  v e l o c i t i e s  would be 2100 m sec-1 f o r  a major as te ro id  under the 
encounter cond i t ions  descr ibed i n  the capt ion o f  F igure  1. Columns 4, 5 and 6 of  Table 3 
show two o f  several example scenarios i d e n t i f i e d  by Bender (1977) which I consider t o  be 
espec ia l l y  a t t r a c t i v e  and which, i n  fact ,  a re  marg ina l ly  compatible w i t h  the  science de- 
s i r e s  s ta ted above. The f i r s t  o f  these invo lves an i n i t i a l  encounter w i t h  Vesta, a sub- 
sequent encounter w i t h  the l a r g e  C ob jec t  Fortuna, and two encounters w i t h  S as tero ids .  
The second o r b i t s  Ceres, a small C, a 75 km S, and a small M objec t .  However, i t  does 
no t  encounter Vesta. The l a s t  o r b i t s  both Ceres and Vesta. a l though i t  does no t  o r b i t  the 
l a t t e r  u n t i l  1996. I t  a l so  o r b i t s  a 46 ~III C ob jec t  and a 75 km S ob jec t ,  bu t  no M ob jec t  
i s  encountered. I n  the Bender scenar io over 5000 kg i s  placed i n  o r b i t  i nc lud ing  2300 kg 
of  mass dedicated t o  o r b i t a l  instruments and lander packages. This a l lows f o r  i eve ra l  
hard landers as w e l l  as a generous o r b i t a l  payload, q u i t e  compatible w i t h  the example sug- 
gested i n  Table 2. I t  has been po in ted out  t o  the author  t h a t  NASA i s  u n l i k e l y  t o  commit 
t o  the development o f  an Ion  Dr i ve  design q u i t e  as powerful as t h a t  assumed by Bender. 
Nonetheless, we are  g e t t i n g  c lose.  

Despite the  tremendous progress t h a t  has been made i n  d e f i n i n g  candidate mu l t i - ren -  
dezvous missions, none i s  y e t  completely sa t i s fac to ry .  For example, none of  t he  mu1 t i -  
rendezvous missions i d e n t i f i e d  by Bender encounter Vesta, a C o h j e c t  ad an M ob jec t .  
Moreover, even w i t h  Ion Drive, a t r a n s f e r  from one as te ro id  t o  another s t i l l  -equires 
about h a l f  a r e v o l u t i o n  (%2 years),  so these missions take an exceedingly long t'me 
(>8 years)  t o  complete. F i n a l l y ,  there  i s  no s p e c i f i c  p r o v i s i o n  y e t  f o r  poss ib le  sample 
re turo .  Some schemes f o r  mu1 t i p l e  as te ro id  sample r e t ~ r n  have been suggested bu t  have 
no t  been the sub jec t  o f  d e t a i l e d  engineer ing studies.  Even i f  such schemes are  shown t o  
be compatible w i t h  the Ion D r i v e  payload, they should be c a r r i e d  ou t  on an i n i t i a l  as te r -  
o i d  mission on l y  i f  they do not  se r ious l y  compromise the a b i l i t y  of t he  i n i t i a l  mission t o  
i nves t i ga te  ( 1 )  each o f  several c a r e f u l l y  selected as tero ids  as ( 2 )  globa l  o r  p lanetary  
e n t i t i e s .  This seems u n l i k e l y .  

The impressive ar ray  o f  mult i-rendezvous missions i d e n t i f i e d  by Bender i s ,  i n  fact ,  , * 

, . ).- 
a l so  the r e s u l t  o f  a very p re l im ina ry  and l i m i t e d  survey which was conducted under a , 7 

ra the r  const ra in ing se t  o f  ru les .  For one th ing,  i t  was assumed t k a t  t he  encounter w i t h  ' I  

e i t h e r  Ceres o r  Vesta had t o  be the f i r s t  encounter. Also, the payload mass a t  f i r s t  en- I : ' 
counter was optimized, which i s  not  necessarv. Besides simply contin1;ing the search, the I r 

e f f e c t  o f  a l t e r i n g  these and o the r  const ra in t5  should be invest iga ted.  The c o m p a t i b i l i t y  I .  
I I 

o f  an i n i t i a l  spacecraf t  i n v e s t i g a t i o n  o f  an Apo l lo  as te ro id  w i t h  s tud ies  o f  those i n  t he  
main b e l t  should a l so  be studied.  A dual launch mission w i t h  nonredundant t a rge ts  a l so  
seems a very a t t r a c t i v e  opt ion .  F i n a l l y ,  the  p o s s i b i l i t y  o f  encountering a Trojan as te r -  

, \ 
o i d  a t  the  terminat ion o f  the mission should be considered. I n  any event, Table 3 shows 
a t  a glance t h a t  dramatic progress has been made, and t h a t  the  ximu1 taneous maturat ;on of  
our knowledge o f  the as tero ids  from Earth-based o p t i c a l  measurewnts together w i t h  vast  
simultaneous improv~ments i n  a n t i c i p a t e d  d e l i  very capabi 1 i t i e s  has brought us t o  the . 

, . -. . threshold o f  the d e f i n i t i o n  o f  a v i a b l e  i n i t i a l  asteroid-dedicated mission. 
. . 
, , ' : * :  
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D l  SCUSSION 

ARNOLD: I s t rong ly  agree tha t  mu1 t i p l e  encounters are  essent ia l  t o  good science, and t h a t  
long s tay  times are needed f o r  the  gamma-ray o r  x-ray sensing systeos. Flybys are  no t  
a t t r a c t i v e ,  espec ia l l y  f o r  ganma-rays. I w i l l  discuss t h i s  p o i n t  f u r t h e r  i n  my paper 
i n  t h i s  a f te rnoon 's  session. 

ANDERS: I n  our museums there  are  howardi tes tha t  seem t o  match the spectrum o f  Vesta. 
Suppose the measurements on a rendezvous mission t o  Vesta show t h a t  there  i s  a cheni- 
i c a l  resemblance between howardites and the surface o f  Vesta. Are we then t o  assume 
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FANALE: We are  going t o  have t o  do a  l o t  of t h i n k i n g  about t h e  spec i f i cs .  I t h i n k  we 
have t o  e s t a b l i s h  t h e  l i n k  between Vesta and the  achondrites. Chemical mapping o f  
Vesta can be accomplished and p?rhaps there  a re  windows where you can see something 
about t he  zonal s t r u c t u r e  and understand something about t he  magmatic path t h a t  was 
fo l iowed i n  i t s  d i f f e r e n t i a t i o n  as w e l l .  

CHAPMAN: If you p lace too much emphasis on unique targets ,  such as Ceres and Vesta, you 
might ge t  no t y p i c a l  C o r  S ob jec ts .  

FANALE: You w i l l  almost c e r t a i n l y  encounter a  small one on t h e  way. 
ARNOLD: I f  there  have been h i g h l y  d i f f e r e n t i a t e d  bodies i n  the  as te ro id  b e l t  (Vesta seems 

t o  be one c l e a r  example), one s t rong ly  suspects the re  are now pieces of h i g h l y  evolvi!d 
bodies. I t  c a n ' t  be t h a t  a l l  t he  Vestas are s t i l l  i n t a c t .  I n  t h a t  case one would 
have the  p o s s i b i l i t y  o f  look ing a t  a  v e r t i c a l  sect ion.  

FANALE: The most o p t i m i s t i c  case f o r  t he  chemical mapping o f  the  very b i g  as tero ids  i s  
the  poss ib i  1  i t y  of seeing some o f  these windows. For the  very 1 i t t l e  ones there i s  a  
p o s s i b i l i t y  i t  w i l l  be t o t a l l y  i n  an erosional  mode so you are  no t  covered w i t h  a  
pa t i na  o r  any o the r  dust. It i s  l i k e l y  t h a t  we may no t  l e a r n  much about l a t e r a l  v a r i -  
a t i ons  on the  rock surfaces o f  t he  middle-s i  ze as tero ids  because of  t h e i r  r e g o l i t h s .  
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IMAGING ASTEROIDS:  SOME LESSONS LEARNED 
FROM THE V I K I N G  I N V E S T I G A T I O N  OF PHOBOS AND DEIMOS 

JOSEPH VEVERKA 

Laboratoq for P l m t s t a r y  Studies 
Corn 2 2 lJniver8i  t y  

Ithaca, Nm York 24852 

There i s  d good chance t h a t  t he  two small s a t e l l i t e s  of Mars 
r e a l l y  a re  captured as tero ids  and as such may be representa- 
t i v e  i n  many (bu t  not  a l l )  ways o f  o ther  small bodies i n  the 
as te ro id  be1 t. This paper discusses spec i f i c  experiences 
from the study of Phobos and Deimos du r ing  the  V ik ing miss ion 
and uses them t o  formulate three basic goals of any ser ious 
imaging study of as tero ids .  These a r e  t o  obta in :  (1)  t he  
h ighest  poss ib le  reso lu t ion ,  (2 )  complete coverage o f  t he  
surface, and ( 3 )  data over a wide range of phase angles. 

I. INTRODUCTION 

The recent i nves t i ga t i ons  o f  t he  s a t e l l i t e s  o f  Mars by the V ik ing Orb i te rs  prov ide 
some useful lessons on how t o  p lan  a d e t a i l e d  imaging study o f  an as tero id .  A f te r  sumna- 
r i z i n g  our  cu r ren t  knowledge o f  t he  two a s t e r o i d - t i  ke moons o f  Mars, I w i l l  discuss th ree  
c r u c i a l  requirements f o r  any successful imaging study o f  as tero ids :  

1. The need t o  ob ta in  the  h ighest  poss ib le  r e s o l u t i o n  of the surface. 

2. The need f o r  complete coverage of t he  surface. 

3. The advantages of imaging over a wide range o f  phase angles. 

These po in ts  d re  i 1 l u s t r a t e d  using s p e c i f i c  experiences der ived from the study o f  Phobos 
and Deimos dur ing the V ik ing mission. 

Phobos rmd Deimos in S m  (cf. , Veverka , 1978) 

Phobos and Deimos a re  small,  very dark grey a s t e r o i d - l i k e  s a t e l l i t e s .  They have 
geometric albedos o f  about 0.06 i n  V and B-V co lo rs  o f  about +0.6 (i.e., they a re  grey).  
While both a re  i r r e g u l a r ,  t h e i r  shapes can be approximated reasonably we1 1 by t r i a x i a l  
e l l i p s o i d s .  Phobos i s  about 27 x 21 x 19 km across; Deimos i s  about h a l f  as b ig :  
15 x 12 x 11 km. The two s a t e l l i t e s  have a s i m i l a r  shape; i n  each case the r a t i o  of  t he  
longest t o  the s : .s r tes t  a x i s  i s  about 1.4 t o  1.0. The sp in  per iods of  both s a t e l l i t e s  are  
synchronous w i t h  t h e i r  o r b i t a l  periods, bu t  i t  i s  i n t e r e s t i n g  t o  note t h a t  t he  ac tua l  
values a re  comparable t o  those o f  asteroids--7h39m f o r  Phobos and 30h17~  f o r  Deimos. 

Both s a t e l l i t e s  are  heav i l y  c ra tered and a re  completely covered w i t h  a r e g o l i t h  whose 
surface microtextur.e appears t o  be l u n a r - l i  ke, judging from i t s  photometric, po la r ime t r i c  
and thermal i n e r t i a  proper t ies .  On the ;<ale o f  several hundred meters, the surface of  
Phobos i s  homogeneous i n  albedo, bu t  t h a t  o f  Deimos i s  not. B r i g h t  patches (some 30% 
b r i g h t e r  than the surroundings) are  conspictrous on Deimos. The surface dens i t y  of c r a t e r s  
on both s a t e l l i t e s  i s  s i m i l a r  t o  t h a t  ' 7  t he  lunar  uplands suggesting t h a t  these may be 
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e q u i l i b r i u m  surfaces. Using cu r ren t  models of t he  pas t  c r a t e r i n g  ra tes  a t  the  o r b i t  of 
Mars, one can est imate t h a t  the  sucfaces a re  a t  l e a s t  2.5 t o  3.0 h ' l l i o n  years o ld .  The 
l a r g e s t  c r a t e r  on Phobos, Stickney, i s  about 10 km across. The l a r g e s t  known c r a t e r  on 
Deimos i s  about 3 km across. 

The most s u r p r i s i n g  discovery made by V ik ing i s  t h a t  t he  s u r f ? - 0  o f  Phobos i s  covered ! 
by swarms o f  t rough- l i ke  grooves which seem t o  be s ~ r f a c e  e x p r e s s i ~ ~ ~ s  o f  deep f rac tures  
w i t h i n  Phobos produced by t h e  format ion o f  Stickney. Grooves a re  no t  found on the surface \ 
of Deimos. I n  s p i t e  o f  the low surface g r a v i t y  o f  t he  two bodies (g  - g on Phobos, 
and about one-half l ess  on Deimos) , much e jec ta-1  i ke mater ia l ,  i nc lud ing  coarse blocks tens , ,  
o f  meters across, a re  ev ident  on the surfaces--especial ly  on Deimos. 

I 

A recent mass determinat ion f o r  Phobos leads t o  a mean dens i t y  o f  about 2 g/cm3. This I . 1 , . 
low mean dens i ty ,  t h e  low albedo, and the Ceres-1 i k e  spect ra l  re f l ec tance  curve of the  
s a t e l l i t e ,  suggest t h a t  Phobos i s  made o f  a low dens i ty ,  wa te r - r i ch  ma te r ia l  s i m i l a r  t o  
t h a t  wh!ch makes up some carbonaceous chondr i  tes. Informat ion on the composit ion of Deimos 
i s  inc3nclusive.  The data suggest t h a t  a1 though Deimos i s  probably not i d e n t i c a l  i n  compo- , 

s i t i o n  t o  Phobos, i t  may a l so  be made o f  some s o r t  o f  carbonaceous ma te r ia l .  A mass deter-  
n l inat ion by V ik ing Orb i te r  2 suggests t h a t  t he  mean dens i t y  of Deimos i s  s i m i l a r  t o  t h a t  of 

' 

Phobos, bu t  the  determinat ion i s  very uncer ta in  s ince we do no t  know the  volume of Deimos b 

very w e l l  (see below). 1 
i 1 ' : .  

The probable low dens i ty ,  wa te r - r i ch  carbonaceous chondr i te  composit ion of Phobos 
(and Deimos?) suggests tha t  they may have formed i n  the as te ro id  b e l t  and were captured by 
Mars dur ing a comparatively e a r l y  stage of i t s  accre t io t i  (when Mars wds s t i l l  surrounded 
by an extensive p r i m i t i v e  atmosphere) o r  were perhaps captured c o l l  i s i o n a l  l y .  Thus there  
appears t o  be a good chance t h a t  the  sate1 1 i tes of Mars r e a l l y  are captured as tero ids  and 
as such a re  representa t ive  i n  many {but  no t  a l l  ) ways o f  o the r  small ob jec ts  t h a t  we may 
encounter i n  the  as te ro id  be1 t. 

11. THE NEED TO OBTAIN THE HIGHEST POSS1b,i RESOLUTION 

' 1 The V ik ing experience i n  studying Phobos and Deimos provides numerous examples of t he  
need t o  ob ta in  the highest  poss ib le  r e s o l u t i o n  imagery o f  as tero id-s i7ed bodies. i 1 

Discovery o f  Grooves on Phobos: Their Morphology and Age I ; :  \, 
While Mariner 9 r e s o l u t i o n  (severa l  hundred meters) was adequate t o  show the i r r e g u l a r  

shape and the heav i l y  c ra tered surface of  Phobos, i t  took r e s o l u t i o n  of b e t t e r  than 50 m t o  
discover t h a t  t he  surface o f  the  inner  s a t e l l i t e  i s  crossed w i t h  grooves (F igure  1). A t  
moderate reso lu t i on  ( ~ 4 0  m), the l i n e a r  features--or  grooves--appeared t o  fa1 1 i n t o  tvo 
d i s t i n c t  categor ies,  f i r s t  c a l l e d  " s t r i a t i o n s "  and " c r a t e r  chains" by Veverka ar?d Duxoury 
(1977). The " s t r i a t i o n s "  seemed t o  be t rough- l i ke  depressions, w h i l e  i n  many cases the 
" c r a t e r  chains" seemed t o  show sin i i  l a r i  t i e s  t o  the "herringbone" p a t t e r n  of secondary c r a t e r  
chains on the Moon (Figure 2). S t i l l  h igher reso lu t io r ,  imagery ( < I 5  m) wzs needed t o  make 
i t  c l e a r  t h a t  there  i s  e s s e n t i a l l y  on l y  one type o f  l i n e a r  feature, o r  groove, a l though 
some of the  grooves have been modif ied t o  v a r i o ~ s  degrees by other processes. A t  the  high- 
e s t  r e s o l u t i o n  achieved on Phobos ( 5  m) the  s implest  grooves appear t o  be fau l  t - l i k e  troughs 
(F igure  3) ,  a1 though l o c a l  segments a re  of ten modi f ied by p i t t i n g  and have a beaded appear- 
ance (F igure  4). S i g n i f i c a n t l y ,  a t  these highest  resolutions none o f  the  grooves looks l i k e  
a cha in  o f  impact c ra te rs .  Even the "herringbone" pat terns  suspected i n  F igure  2 are  u l  t i- 
mately resolved i n t o  beaded troughs (F igure  5) which bear no resemblance t o  chains of  sec- 
ondary c ra te rs .  
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Fig. 2. Enlarged segment of  Frame 039884. showing apparent c l u s t e r s  of i r r e g -  
u l a r  depressions arranged i n  herringbone pat terns  cuggestive of secondary 
effects. 

L .  . 1 - .--./ 

I I ;  : , I 

! I . '  

: 1 , ,  , . . . , 

, . .  . , . ! From a d e t a i l e d  study of the  morphology of the grooves, Thomas cc aZ. (1977) conclude i 
' I  8 

t h a t  they are  probably surface expressions of i n t e r n a l  f rac tures- - f rac tures  which as we I 

w i l l  see below (Sect ion 111) appear t o  be i n t i m a t e l y  connected w i t h  the  formation o f  
1 ,  . , 

, I 
Stickney, the l a rges t  c r a t e r  on Phobos (cf. , Figure  12). This s t l ~ d y  of groove morphology 
using the  highest  reso lu t i on  imagery ava i l ab le  (5-15 m) establ ished the fo l lowing fac ts :  I \  i 

, 
a. Grooves a r e  t y p i c a l l y  100-200 m wide and 10-20 m deep. 

b. ihey are  l a r g e s t  and best  developed i n  the neighborhood o f  
Stickney and taper ou t  toward the p o i n t  ant ipoda l  t o  St ickney 
(Figure 12). Some of  the  grooves near Stickney a re  700 in 
wide and several hundred meters deep. 

c. !!any groove segments a re  modif ied by p i t t i n g  (F igure  4 )  and 
have d beaded appearance. 

d. A few segments may have s l i g h t l y  ra i sed  r ims (F igure  6). 

e. A t  the  highest  r e s o l u t i o n  ava i lab le ,  no groove segment has the  
appearance of a cha in  of ilnpact c ra te rs .  

' I  
. . 
I . .  
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F ig .  3. Closr-up o f  Phohos grooves ohta inr t l  hy V ik inq  
Orhi t c r  1 dur inq February lqi'7. Rdngr .. 137 hni. T l i r  p i c -  
t u r e  i s  ahout 3 kni d c r i ~ s s  anti shows det.a i 1 as s ~ ! u l l  as 
about 5 Ir~rl. The t r i p l e t  o f  l,ir!lt\ c r a t e r s  i s  the sct~nc as 
tha t  i n  F igure  2 (Fraaie 244AOH). 

The p i t t i n g  ~ n d  t i le  possible ra ised r ims can hc e x p l a i ~ l c d  i n  ternls o f  a mo~ i i f i c - c l t i on  
o f  the  tlrnovcs hy i n t e r n a i  processes. Vcverka I*? . a : .  (1977) su!~qcs t thn t the 1,11.!1tS inirac t 
which oroduced S t  i r4ney not  till y ~ : rackr t i  Phohos. prol iuci rsq t t ir  qrrrilvcs, hut t iecltrd LIP por-  
t i ons  o f  the in to . ! .J r  enou!lh t o  11utg.1~ sonic watcr  vapoi.. I t  s t l i ~ ~ l d  b r  rtlcal l ~ t !  tha t  the* 
low albedo. the spect rd l  r c f l c c t a n c c  ciarve. and the alrati dcnsi t y  o f  I'hobos suqclrst t h j t  t h ~  
sa te l  1 i t c  i s  1!1~de o f  a mc~tpl . i ,~ l  sinl i  1,ir t o  w a t w - r i c h  la\v-drnsi t y  c.?rhondcrous ~ R O i l c i r i  ttl 
~ i l a t e r i ~ ~ l  (Vevcrhl~. 1078). Ry r , ~ i s i r i q  t h r  t m l ~ r r ~ ~ t u r c  l oca l  l y  t o  s l  i t lh t  l y  nlorc than JD(l"h 
dur ing the forlnation o f  St ichnry,  w d t r r  vapor stiould he d r i v r n  o f f .  I t  i s  l i h t * l v  that  t h i s  
vapor w i  11 tpnti t,. co~iit? act ,11onq f ract.ut-cs, ( lossi h l  y accountitl!l f o r  thc  p i  t t  iil!l .\ll~i the 
possi  h l e  r a i  spd r i i l ~ s  kin so~ne o f  t h r  !~roovt*s (\Icvcr.kd. 1078). 

Very h iq l i  r pso lu t  i on  ! ~ i ~ ~ ~ c l c r y  has ,11so ~n,ldc i t  ( lossi b l c  t o  r s t  illl,tti* t t i r  d t l r  o f  t h r  
g r n o v s  hy c o i ~ ~ i t i n q  SIII,I~\ i i n p d ~ t  c r d t ~ r s  w i t h i n  th(1111. 111 t h i s  wliv Tl i(~ni~~s ,- t  . I . ' .  ( l t l : I )  
f i n d  that  the  !Iroobes d rc  prohahly d t  l cL i s t  3 A t  o l d  a ~ i d  ttius ~ . l ~ r i ~ ~ o t  bi- , l t t r ihutckl  111 any 
recent l*vent, such as l t ~ c  t i d , ~ l  s t r c t c h i n ! ~  n f  Plrohos by Mdi's. T t i i  s int*cIi,Ir~is.~l~, l l r ( l p~%t~c i  by 
Soter and t l d r r i s  (1977) shot~lei havc heo i  nns t  r f f r c t i v r  durincl t l i r  p , ~ s ~  tlundrrii n l i l l i o n  
years (Pol lack.  1 9 7 1 ) .  Ttii~s, t h r  o l d  a!le o f  thrl grciovrs i s  i i icorrs istrnt  w i t h  a t i d a l  o r i -  
g in.  hut  i s  cons is tent  w i  tli an o r i g i n  associated w i t h  thc f o n n d t i o ~ i  of  Stichney (Thlr111~1s 
e : t  ' ~ 1 . .  1978). 



Fig .  4. Port ion o f  Viking Orb i te r  1 Frame 246A05 taken from 
a range o f  about 260 km. Note the  conspicuous p i t t i n g  o f  
the  grooves. The grooves a r e  t y p i c a l l y  100-200 m wide. 
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Fig.  5. V ik ing O r b i t e r  1 iniage o f  Phobos taker1 from a 
range o f  5.30 km. The t r i p l e t  o f  c ra te rs  shown i n  
Figures ? and 3 i s  seen a t  center  top. Note the d i f f e r -  
ent  appearance o f  t he  groove j u s t  helow the  c r a t e r  t r i p -  
l e t  i n  the three views. Raised r ims 3re v i s i b l e  on some 
o f  the  c ra te rs  a t  top (Frame 243A71). 

Fig.  6. View o f  Phobos fro111 a range o f  440 knl a t  n phase angle 11". 
Several grooves, showing poss ib le  ra i sed  rinls. a re  seen on the l i ~ i i h  
(Frame 252A16). 
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Fig.  7. V i k ing  O r b i t e r  1 view o f  Phobos from a range of  
about 310 kni. Note the conspicuous dark marking i n  the 2 km 
c r a t e r  a t  upper 1 e f t  (Frame 248AOl) . 

Eoidencc of % a 2  2-Scale Surface Inhomogenei ties on Phohos 
' i \  

Wh'lc the  surface o f  Phobos i s  genera l l y  homogeneous both i n  t e x t u r e  and i n  albedo an , , " 

l a t e r a l  . -3 les  o f  several hundred meters (No1 and and Veverka, 1977a), h igher r e s o l u t i o n  
imac-11-y does reveal  several i n t e r e s t i n g  l o c a l i z e d  anomalies. For example, a t  l a rge  phase 
c--l,s, many c ra te rs  show prominent dark markings on t h e i r  f l o o r s  (Figure 7). which have 
teen i n te rp re ted  as deposi ts o f  impact me l t  (Sect ion I V ) .  Also, i n  the v i c i n i t y  o f  Stickney 
there  occurs a p l t c h  (about 3 u 6 km across) o f  hummocky ma te r ia l  whose o r i g i n  i s  a t  pres- 
en t  unclear, but which could represent some type o f  e jec ta  associated w i t h  t h e  format ion 
of Stickney. 



ORIGINAL PAGE 
('!F' FiWR QUh'L!.!"t 

Fig. 8. View o f  Phobos from about 160 km obtained by V ik ing 
O r b i t e r  1. Note the dark l a y e r  i n  the  c r a t e r  w a l l  a t  top. 
The frame i s  about 3 km across (Frame 244A03). 

hyerillg w i t h i n  Crater Walls on Pkobo~ ! 

One c f  the  h ighest  reso lu t i on  p i c t u r e s  of Phobos (%5 m) shows an ob l ique view o f  a 
c r a t e r  wa l l  which c o n t a i ~ s  evidence of l aye r ing  (Figure 8). A dark layer ,  about 50 111 

t h i c k  and some 150-200 rn below the  surface, demonstrates t h a t  there  are  a t  l e a s t  shal low 
inhomogeneities w i t h  depth and may prov ide evidence f o r  a very deep r e g o l i t h .  S i m i l a r  
evidence should be looked f o r  on asteroids.  An e f f e c t i v e  r e s o l u t i o n  o f  b e t t e r  than 10 m 
i s  needed. 



F ig .  9. V ik ing O r b i t e r  2 close-up o f  Deimos from a range of  
about 60 km. The p i c t u r e  i s  about 1.3 kni across. The smal lest  
v i s i b l e  d e t a i l  i s  about 2-3 m. Note the  conspicuous dark ha lo  
c r a t e r  near top center (Frame 423861 ). 

, I , '  
1 ' .  

I I Dark Halo Craters 
! 

Another noteworthy discovery made using the  highest  r e s o l u t i o n  imagery i s  t h a t  very I 
small (d  = 10-20 m) durk Iulo c ra te rs  appear t o  be colnmon on both Phobos and Deimos 

I 

I ! 

(Figure 9). These c ra te rs  appear t o  be s i l ~ ~ i l a r  t o  t h e i r  l una r  and mar t ian  counterparts.  
1 

The i r  ub iqu i tous presence on very d i f f e r e n t  bodies suggests t h a t  they may n o t  i nvo l ve  the i i I 

excavation o f  dark, subsurface ma te r ia l .  as has been proposed i n  the l una r  context ,  bu t  
1 
1 

I :  

' i  may ins tead be a t t r i b u t a b l e  t o  c e r t a i n  c h a r a c t e r i s t i c s  of  t he  impacting body (e.g. , com- . I 

pos i t i on ,  h igh  ve loc i t y ,  e tc .  ) 
i j . I  ! 1 

I I ,  ; i  1 . 1  
\ / 4 .  . *  

I I I j 



Blocks rr;J i.:,ii!ctu Lk-p08: t~ o~l  3 t ' h ) ~  

L~~ r e s o l u t i o n  inlager (100-200 111 r e s o l u t i o n )  show t h a t  t he  surface of neil1los has 
br ight  patcl!.~, and that ,  conlpared t o  Phobos. Dcilnos appCal.S t o  be very sl laott l- latter 

remained a puzzle f o r  a long t i n ~ e  inas~nach aS Crater  counts i nd i ca ted  that 
phobos and Deimos have equal surface dens i t i es  o f  i111pact c ra te rs .  The very resO1u- 
tion images ( r e s o l u t i o n  about 3 nl) obtained by V ik ing  O r b i t e r  1 i n  October 1477 have re- 
solved t h i s  and have provided convincing in format ion as t o  the natul? o f  the bright 
patches (Fig,:re 10). 

~h~ br ight  patches appear t o  be deposi ts o f  f ine-grained e jec ta  which. i n  IlldnY casts* 
lY fi 11 c r a t e r s  on Deiaos--thus "COUII~ ing  f o r  thC' l . f ? l J t i ~ e l ~  s l ~ o o t ~  dPperl.mce 

the outer s a t e l l i t e  (S im i la r  b r i g h t  patches do no t  OCCUl. On Phobos. alld t1lel.e is less 
evidence of c ra te rs  being f i l l e d  ill by ejects.) 

The h igh reso lu t ion  imdges a l so  stlow t h , ~ t  the surfdce of Beilnos i s  1 i t f c r e d  w i t h  
i so la ted ,  roughly eqllidinlensional posi  i i v e  l.f?l i c f  f t ' d t l l r ~ ~  ( t v ~ i c l l !  IY \'lo in 

which have the ct laractcr ist ics o f  p jpc td  b l ~ c k ~ .  \{OW 10 I I~L IC~ C J P C ~ ~  1s r e t ~ i n e ~ '  On 
a cilal 1 satel 1 i t e ,  and why the process seeins t o  be SO n~uch lllore ef  f i c i e l l t  on Deilnos 

than 9. phobos, rana in  unresolved ~ U Z Z ~ ~ S .  

~h~ h i g h  r e s o l u t i o n  imdges a l so  show ,I new. nnd CIS j e t  u l iexp l r in rd  sgrfdcP f e d t ~ l r e :  
b r igh t  s t reak- l i ke  markings b e h i d  p o s i t i v e  1.c l ic f  f (?cl t l l l 'e~ ~ l l C h  AS cl.dtcr l.illls and 
These marki ngS appear t o  be concentra t i uns  o f  f i ne-gra i necj ejec t a  . LI~J i t i s  conceivable 

they be analogous t o  c e r t a i n  deposi ts for111ed by ncrl '  surface f lows t h a t  a rc  reen 
in some Parts o f  the lunar  surface, b u t  i t  must be ddll l i t tet i  t h a t  the  d e t a i l e d  i-eselllblance 

i s  not  very close. 
21 7 



Fig. 11. n l d  sketch map o f  t h e  d i s t r i b u t i o n  
o f  grooves on Phobos based on incomplete sur- 
face coveriige ( f rom Veverka and Ouxbury, 
1977). Ccmpare w i t h  Figure 12. 

TtlAlLING SIDE 

111. THE NEED FOR COMPLETE COVERAGE AT HIGH RESOLUTION 

One of the  c r u c i a l  requirements i s  t t l u t  complete coverage o f  the surface be obtained 
a t  the  h ighest  poss ib le  reso lu t i on .  Complete coverage o f  the  surface i s  needed t o  look 

4 

# # 

t o r g l o b a l p a t t e r n s a n d t o s e a r c h f o r r e g i o n a l a n o m a l i e s .  F o r a l l m i s s i o n s , t h e a n g l e o f  ! 
the subsolar l a t i t u d e  determines the  ex tent  o f  t he  surface t h a t  i s  i l l um ina ted .  Given the  
sho r t  r o t a t i o n  per iods o f  most asteroids,  f u l l  coverage a t  a use fu l  r e s o l u t i o n  cou ld  be 
rea l i zed  even f o r  a f l y b y  mission. Rendezvous missions o f f e r  an oppor tun i ty  f o r  h igher I I  I 1 '  I reso lu t ions w i t h  complete coverdge. ' # i t ;- I i The V ik ing  i n v e s t i g a t i o n  of Phobos provides a s t r i k i n g  example o f  t he  need t o  have 

: i i  
I )  

globa l  coverage i n  order  t o  understand impor tant  phenomena on small bodies. As soon as 
I '  

' I  : 
: : the enigmatic grooves were discovered, many poss ib le  explanat ions were proposed. A t  f i r s t  . I 
! I ,  . . the coverage o f  Phobos a t  t h e  r e s o l u t i o n  needed t o  see grooves was very l i m i t e d  (Veverka 1 
1. . , '  

and Duxbury, 1977) and i t  was impossible t o  determine the  t r u e  d i s t r i b u t i o n  o f  t he  grooves , 4 

! i  j i 

on the surface o f  Phobos, o r  t h e i r  poss ib le  connection w i t h  o ther  major topographic fea- 
tures. One e a r l y  and c leve r  suggestion by Soter and H a r r i s  (1977)-- that  the  grooves are  

I i f r ac tu res  due t o  mar t ian  tides--was cons is tent  w i t h  the  then a v a i l a b l e  i n fo tma t ion  
I ! (F igure  11). However, as soon as more complete h igh  r e s o l u t i o n  coverage was obtained, i t  l a ,  

: i became evident, f rom the p a t t e r n  o f  the grooves and from t h e i r  i n t ima te  assoc ia t i on  w i t h  
I i f  

. I m  . .  t he  c r a t e r  Stickney (F igure  12), t h a t  t he  grooves c o ~ l d  n o t  be due t o  mar t ian  t i d e s  bu t  ; I 
' I  ; j :  were probably expressions o f  f rac tu res  associated \ v i  t h  t he  formation of St ickvey (Thomas 

e t  aZ. , 1978). . . 

- * I  As fa r  as reg iona l  va r ia t i ons  a re  concerned, none were found on Phobos (o the r  than 
1 I\. t h a t  i n  t he  d i s t r i b u t i o n  o f  grooves). S p e c i f i c a l l y ,  t he re  a re  no s i g n i f i c a n t  va r ia t i ons  
, I .  i n  the surface dens i ty  o f  impact c ra ters ;  thus no la rge-sca le  c r a t e r i n g  o r  spa1 l a t i o n  

event has occ~r r red i n  "recent"  times. The e n t i r e  s u r f x e  o f  Phobos, 1 i ke t h a t  of t h e  
. ,  lunar  uplands, has reached an e q u i l i b r i u m  s t a t e  i n  terms of c ra te r i ng .  

Complete surface coverage i s  a l s o  needed to  d e r i v e  an accurate dens i t y  front a mass 
de te rm ina t im .  For i r r e g u l a r  ob jec ts  such as Phobos, Deimos, o r  n q s t  asteroids,  accurate I I ;  
volumes can on ly  be determined by imagicg a l l  o f  the  surface. There i s  no re1 i a b l e  way of 

\ .; 
ex t rapo la t i ng  beyood the  l imb. I n  the case o f  Phobos, f o r  which our surface coverage i s  \ 

e s s e n t i a l l y  complete, the  c u r r e n t  unce r ta in t y  i n  the volume i s  s t i  11 comparable (about 4 

210%) t o  t h e  unce r ta in t y  i n  the mass determinat ion.  While f u r t h e r  ana lys is  wi  11 i m ~ r o v e  1 



Fig.  12. Sketch map o f  Phobos showing the  l o c a t i o n  of t h e  grooves 
and o f  t h e  l a r g e s t  c ra te r ,  Stickney. St ipp led areas represent 
hummocky topography w i t h i n  grooves ( a f t e r  Thomas e t  at., 1978). 

our knowledge o f  t h e  volume, accura te ly  determining the  volume o f  an i G e g u l a r  o b j e c t  i s  
s t i l l  a d i f f i c u l t  problem, even when e s s e n t i a l l y  complete coverage of t h e  surface ex i s t s .  
I n  the  case o f  Deimos, V ik ing has imaged on ly  about 50'3 of the  surface, and the volume re-  
mains very uncertain.  Thus w h i l e  we know the mass o f  Deimos about as w e l l  as t h a t  of  
Phobos, we cannot determine the mean dens i t y  of t he  ou te r  s a t e l l i t e  re1 i a b l y  u n t i l  more 
extensive coverage o f  i t s  surface i s  obtained. 

The incomplete coverage of  Deimos n o t  on l y  plagues attempts t o  determine the densi ty,  
b u t  a l s o  makes i t  d i f f i c u l t  t s  reso lve some o the r  important  questions. For exampln, we 
now know t h a t  there  a re  no grooves on Deimos. Why? One poss ib le  t u lana t ion  i s  .hat t he re  
i s  no c r a t e r  l a r g e  enoug? (say >5 km) on Deimos t o  have f rac tu red  * s a t e l l i t e .  While we 
know t h a t  there  i s  nn c r a t e r  l a r g e r  than about 3 km on t h e  p a r t  of Ueimos t h a t  has been 
imaged, i t  i s  important  t o  show t h a t  there  i s  no much l a r g e r  c r a t e r  on the  remainder of 
t h e  surface. 



Fig.  13. V ik ing O r b i t e r  1 view o f  Phobos a t  a phase 
angle o f  14'. The conspicuous b r i g h t  r i n g s  around many 
o f  t he  c ra te rs  probably represent areas of  unusual ly 
i n t r i c a t e  tex ture .  Range = 370 km (Frame 250A14). 

I V .  ADVANTAGFS OF IMAr.:,o OVER A LARGE RANGE OF PHASE ANGLES 

While the  optimum phase angle f o r  studying surface morphology ( c ra te rs ,  grooves, 
blocks. etc.  ) i s  c lose  t o  90". much s i g n i f i c a n t  in format ion about surface t e x t u r e  cart be 
obtdined by imaging over a wide range o f  phase angles. From such data i t  i s  poss ib le  t o  
const ruc t  phase curves f o r  var ious pa r t s  o f  t he  surface and search f o r  t e x t u r a l  d i f ferences.  
I t  i s  poss ib le  t o  determine whether the  r e g o l i t h  i s  l a t e r a l l y  homogeneous, and whether o r  
no t  there  a re  extensive exposures of  bare. uncomminuted rock. For example, i n  t he  case of  
Phobos, Noland and Veverka (1977a) used such data (obtained by Mariner 9)  t o  show t h a t  t he  
r e a o l i t h  on the inner  s a t e l l i t e  i s  e s s e n t i a l l y  homogeneous i n  t e x t u r e  on sca!er of several i l  i ' ;  hundred meters. 

Recent h igh  r e s o l u t i o n  V ik ing images shew t h a t  s i g n i f i c a n t  d i f f e rences  i n  sur face tex- 
t u r e  do occur over smal ler  d istances on Phnbos. For exinple,  near oppos i t i on  (phase angle , 

a = 10"). narrow b r i g h t  r i n g s  are  seen around many o f  the  c ra te rs  (F igure  13).  A t  low 
phase angles these features a r e  about 5-101. b r i g h t e r  than t h e i r  surroundinos: but  they a r e  
inconspicuoils a t  l a r g e r  phase angles. They a re  best  explained as regions o f  c i rcumcrater  

,I , 
e jec ta  whose tex tu re  i s  rougher than t h a t  o f  the  surroundings. . I 

\ 
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Fig. 14. V i k ing  O r b i t e r  2 view o f  Deimos 
from a range o f  1000 km. The r e s o l u t i o n  i s  
about 50 m. Note the  absence of grooves 
and the conspicuous b r i g h t  markings 
(Frame 428860). 

CR7G2:XL ?AGE: l.h 
OE' k'WR &U:V;LnL 

' i  

T 
I 

G 

i 

I 

Phase angle coverage al lows one t o  d i s t i n g u i s h  di f ferences i n  albedo ef fects from 
d i f fe rences i n  phase funct ion  effects. That .is, one can detern ine why a c e r t a i n  reg ion  
appears b r i g h t e r  than another under a given i l l u m i n a t i o n  geometry. I s  i t  because the 
ma te r ia l  i s  i n t r i n s i c a l l y  b r i g h t e r  (i.e., nas a higher normal re f lec tance) ,  o r  i s  i t  be- 
cause i t  has a d i f f e r e n t  phase f u n c t i o r ~  ( i . e .  , a d i f f e r e n t  t e x t u r e  o r  surface roughness)? 
Two i n t e r e s t i n g  examples can be given: 

a. By const ruc t ing  r e l a t i v e  phase curves floland and Veverka (1977b) 
proved t h a t  the conspicuous " b r i g h t "  ma te r ia l  on Dei~nos (F igure  14) 
a c t u a l l y  has a normal re f lec tance about 30: higher than the sur- 
roundings, but  has a comparable tex tu re  (s ince i t s  phdse funct ion  
i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  of i t s  surroundings). 

b. By a s i m i l a r  procedure, Goguen e t  al. (1977) have demonstrated 
t h a t  t he  "u l t ra -da rk "  ma te r ia l  which i s  conspicuous on the  f l o o r s  
of many Phobos c ra te rs  a t  l a rge  phase angles (F igure  7) ,  appears 
darker ( con t ras t  %lOWJ near a = 90") because i t  has a steeper 
?base curve ( i . e . ,  i s  much rougher) than i t s  surroundings, and 
not  becausc i t  has a s i g n i f i c a n t l y  lower normal ref lectance. 
Goguen e t  al. found t h a t  t he  normal re f lec tance o f  the  "dark" 
materia: d i f f e r s  by l ess  than 10'; from t h a t  of t he  surroundings. 
I t s  coarse tex tu re  and i t s  l o c a t i o n  on the  bottoms of c ra te rs  i s  
cons is tent  w i t h  i t s  being s o l i d i f i e d  impact m e l t  which, judging 
from t e r r e s t r i a l  experiments, of ten  has a coarse, ves i cu la r  
texture.  

AC' 'NLEDGMENT 

This paper i s  based on research supported by the V ik ing  P r o j e c t  Off ice and by the 
Planetary Geology Program under Grant NSG-7156. 

22 1 

, . - .  . . 4 --. -. - . . . . . . - -. t 7 . - J - - -  . . . - - - -  - . . . - . . . .  - - -  - - 
L:.-t \ .- 



REFERENCES 

Goguen, J., Veverka, J., and k x b u r y ,  T. (1977). Photometr,y and d i s t r i b u t i o t ~  of  dark 
mater ia l  on Phobos (abs t rac t ) .  Bull. Amer. Astron. Soc. 9, 517. 

Noland, M., and Veverka, J. (1977a). Photometric funct ion  o f  Phobos and Deimos. 11. 
Surface photometry of Phobos. Icarus 30, 200-21 1. 

Noland, M., and Veverka, J.  (1977b). Photometric f unc t i on  o f  Phobos and Deimos. I 1  I. 
Surface photometry of Deimos. I m s  30, 212-223. 

Pollack, J. B. (1977). Phobos and Deimos. I n  Planetary Satel?ites ( J .  Burns, ed.), 
pp. 319-345. Un ive rs i t y  of Arizona. 

Soter, S., and Harr is ,  A. (1977). Are s t r i a t i o n s  on Phobos e v i d e n ~ z  cf t i d a l  s t ress? 
Nature 268, 421-422. 

Thomas, P., Veverka, J., and Duxbury, T. (1977). Grooves on Photos: Mo-phoiogy, d i s t r i -  
but ion,  age and poss ib le  o r i g i n  (abst rac t ) .  B u l l .  Amer. A s t ~ n .  .:, *.  G ;  517. 

Thomas, P., Veverka, J., and Duxbury, T. (1978). The o r i g i n  of g r  * on Phobos. Nature. 
I n  press. 

Veverka, J. (1978). The surfaces o f  Phcbos and Deimos. Vistae il, wry. I n  prcss. 
Veverka, J., and Duxbury, T. (1977). V ik ing observations of Phobos ~ i m o s :  Pre l imin-  

ary resu l t s .  J. Ceophys. Rerr. 82, 4213-4223. 

I' ' Veverka, J., Thomas, P., and Duxbury, T. (1977). The surface of Phobos: jumnary c f  the 
l a t e s t  V ik ing r e s u l t s  (abs t rac t ) .  BUZZ. Amer. Astron. So,?, 9, 517. 

Dl SCUSSION 

MATSON: How would you descr ibe the blocks on Deimos? Do they tead t o  l i e  on t h e i r  sides 
o r  t o  stand on t h e i r  ends? 

VEVERKA: We have looked a t  the  block he ight  versus block wid th  d i s t r i b u t i o n  on Deimos and 
what i s  i n t e r e s t i n g  about t h i s  i s  t h a t  if the blocks were equidimensional then the data 
suggest t ha t  they are  bur ied i n  something. Typical  b locks are  l i k e  10 m o r  so i n  d i -  
mension. 

MORRISON: Do you want t o  say anything about which of these kinds of features o r  l e s ~ o n s  
apply most d i r e c t l y  t o  as tero ids? As yo!i pointed out, as tero ids  have a somewhat d i f -  
fe rent  environment. 

VEVERKA: I n  the next  session, ! am going t o  t a l k  about imaging ob jec t i ves  and t h e i r  impor- 
tance. The best  answer t o  your quest ion i s  t ha t  you are  rea I I, -3t smart enough t o  
know what you are  going t o  see on as te ro id  surfaces. That should be the lesson of 
these two ob jec ts .  I n  ne i the r  case were we ab le  t o  a n t i c i p a t e  what we should see a t  
h igh reso lu t i on  and the two ob jec ts  are r e a l l y  very d i f f e r e n t .  Therefore, we should 
not  pretend we can p r e d i c t  what w i l l  be seen on any p a r t i c u l a r  as te ro id  and we must 
p lan our s t ra tegy so we can t a ~ e  advantage of  whatever i s  there. That invo lves doing 
the best you can to  get  h igh  reso lu t i on ,  complete surface coverage, and complete phase 
angle coverage. I l e f t  c o l o r  measurements oa t  o f  t h i s  d iscuss ion f o r  a nmber  of rea- 
sons. I n  the case o f  Deimos, the b r i g h t  patches, t o  our 5:, s e n s i t i v i t y ,  d o n ' t  r e a l l y  
have co lors  d i f f e r e n t  from the surroundings. I am sure they do have smal ler  c o l o r  d i f -  
ferences and t h a t  would be i n t e r e s t i n g  in fo tmat ion.  If we hsd on ly  g loba l  o r  hemi- 
spheric measurements, we would probably th ink  tha t  qeimos i s  very homogeneous, but  when 
you get  there  you do n o t i c e  these albedo d i f  rerences. 

CHAPMAN: This i s  e n t i r e l y  r i g h t .  One does not  want t o  view these ooservations as say'ng 
" l e t ' s  t h i n k  about whether we w i l l  see grooves on asteroids,  e tc . "  If we had Earth- 
based observations o t  Phobos and Deimos s i m i l a r  t o  t!iose we have of as tero ids  (we 
don ' t  because of t h e i r  closeness t o  Mars), WP would have concluded a number of th ings 
about these ob,iects having t o  do w i t h  composition, f o r  instance, bu t  not  w i t h  geology. 
Then, we go there and look a t  them and f i n d  features t h a t  dre  mysterious, unexpected 
and d i f f e r e n t  between the two bodies. These features w i l l  cause people t o  th ink  about 
these bodies i n  a way they have never been thought of before. U l t ima te l y ,  t h i s  j u s t  
proves once again t h a t  a t  l e a s t  as much i s  going t o  come from se rend ip i t y  as can be 
an t i c ipa ted  and planned f o r  i n  advance. I th ink  s i m i l a r  comrients cou ld  probauly be 



made about o the r  s c i e n t i f i c  methodologies and not  j u s t  imaqery. We may t h i n k  we know 
a l l  the  questions t o  address. We may t h i n k  we have theor ies  t h a t  exp la in  what as te r -  
o ids  are  a l l  about. But we have never had the i n t e l l i g e n c e  t o  r e d l l y  know f o r  sure 
what we are  going t o  f i n d  when we go t o  a p lane t  o r  a small body. This i s  an important  
lesson. 

MORRISON: This i s  perhaps saying the same th ing.  Once we have spacecraft data from other  
p lanets,  we deal w i t h  a whole universe of  quec*ions we never would have asked from the  
ground. We have less data on i n d i v i d u a l  as tero ids  now tha,, we had on Mars o r  Me~Lury  
o r  J u p i t e r  before the f i r s t  missions t o  these planets.  Surely the same dramatic widen- 
i n g  of  uur  perspect ive w i l l  apply t o  an as te ro id  mission. 

SHOEMAKER: I hope no one i n  t h i s  room th inks  t h a t  because we have seen tne b e a u t i f u l  p i c -  
tu res  o f  Phobos and Deimos, we now know what as tero ids  look l i k e .  There are some very 

I 
' I 

important  d i f fe rences i n  the environments o f  Phobos and Deimos ard  the environments o f  i "  
t he  as tero ids .  , 

VEVERKA: Once we a c t u a l l y  look a t  several comparable s i z e  objects,  I th ink  there  w i l l  be 
a whole host  o f  i nves t i ga t i ons  t o  be done r e l a t i n g  observations t o  d i f fe rences i n  en- 
vironments, composition, e tc .  I th ink  we w i l l  l ea rn  a l o t  o f  th ings from that .  1 

WETHERILL: I agree c . ~ h  what others have said.  You have no idea before y c ~  go the re  what i 
you a re  going t o  f ind.  One great  advantage o f  imaging i s  t h a t  i t  al lows vou t o  g e t  
answers t o  questions you d i d n ' t  know enough to  ask i n  advsnce. Imaging - 2 f i n i  t e l y  
i s n ' t  j u s t  f o r  pub1 i c  r e l a t i ~ n s .  But I th ink  i t  i s  worthwhi le t o  make p r e d i c t i r l s  be- 
fore a mission. I t  was s h o c k i ~ g  t h a t  so mi:rly people were s ~ l r p r i s e d  by c ra te rs  on Mars. 
And even a f t e r  f i nd ing  c ra te rs  on Mars, I remember arguing w i t h  some members o f  the  
Mariner 1L imaging teams about whether there  wculd be c ra te rs  on Mercury. Some o f  
these people were convinced there  would not  be c ra te rs  on Merc2ry because Mercury was 
too f a r  f r o m  the as te ro id  b e l t .  

SHOEMAKER: I t  i s  necessary not  on ly  t o  th ink  about what w i l l  be discovet'ed and t o  t r y  t o  
make pred ic t ions,  but  a l so  t o  take t ime t o  f i n d  out  what ~ t h e r s  have pred ic ted.  There 
i s  a prophet ic statement i n  Opik 's 1951 paper cn Mars-crossing as terc ids  t o  the e f fec t  
t ha t  i t  would be worthwhi le look ing f o r  c ra te rs  on Mars! Unfortunately,  only a few o f  
the  p red ic t i ons  i n  the l i t e r a t u r e  are as we1 1-grounded. 
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ASTEROID MISSION ALTERNATIVES 

JOHN C. NIEHOFF 

Science Appl icat ions,  Inc. 
Schuwnburg, IZZ ino i s  60295 

S ix  missions are reviewed which cover the  three basic as te ro id  
mission concepts: f lyby, rendezvous, and sample re turn ,  t o  a 
v a r i e t y  of ob jec ts  i nc lud ing  Apol los,  Amors, main be1 t members, 
and Trojans. Mission c h a r a c t e r i s t i c s  and propu ls ion requ i re-  
ments o f  each example are provided along br i th i l l u s t r a t i o n s  o f  f ,  

f l i g h t  p r o f i l e s .  A d e t a i l e d  argument i s  presented f o r  rendez- 
vous encounter as the best  a l t e r n a t i v e  f o r  "exp lora t ion"  l e v e l  
i nves t i ga t i on .  Assumption of t h i s  encourter  op t i on  leads t o  
the  choice o f  mu l t i - as te ro id  rendezvous as the best  concept 
op t i on  f o r  e a r l y  mission exp lo ra t i on  o f  asteroids.  The propul-  
s ion  requirements of multi-rendezvous p o i n t  t o  the need f o r  t he  
t imely  development of low- thrus t  performance c a p a b i l i t y  f o r  
NASA's continued s o l a r  system exp lo ra t i on  program. I t  i s  shown 
t h a t  a minimum so la r  e l e c t r i c  propu ls ion system o f  25 kw w i t h  
ar ray  concentrators i s  needed t o  perform mu1 t i p l e  rendezvous 
missions of more than two as tero ids .  This same system i s  more 
than adequate f o r  sample r e t u r n  missions as we l l .  A b r i e f  d i s -  
cussion of rendezvous maneuvers demonstrates the u t i l i t y  o f  i 

I 
o r b i t s  f o r  ob jec ts  greater  than 10 km i n  diameter. An encounter 
s t ra tegy i s  proposed which features adaptabi 1 i t y  and f l  ex i  b i  1 i t y ;  

1 
I t h i s  s t ra tegy requ i res  low propu ls ion expenditure and on ly  basic 

a p r i o r i  t a rge t  information. It i s  concluded t h a t  continued 
mission and systems analyses can b r i n g  us t o  a h igh s t a t e  o f  
f l i g h t  p r o j e c t  readiness by the mid-1980's. 

INTRODUCTION 

NASA-directed studies o f  as te ro id  missions habe been performed almost s ince the 
agency was formed. I n i t i a l  resu l t s ,  obtained as e a r l y  as 1963 by I I T  Research I n s t i t u t e  
(Anon., 1964) d e a l t  p r i n c i p a l l y  w i t h  f l yby  missions t o  the we1 1-known ob jec ts ,  e.g., 
Ceres, Vesta, Eros, and Icarus. As both a n a l y t i c a l  c a p a b i l i t y  and propu ls ion technology 
evolved, more d i f f i c u l t  concepts began t o  rece ive considerat ion,  e.g .  , rendezvous and 
sample re turn ,  w i t h  some s tud ies  i nc lud ing  var ious forms o f  low-thrus t propuls ion.  By 
1972 mission analysts had generated a substant ia l  base o f  data on requirements f o r  mis- 
sions t o  s p e c i f i c  asteroids,  e.g., Northrup Services, Inc.  (Anon., 1972). 

Perhaps the ea r l  i e s t  ser ious cons idera t ion  of the importance of as te ro id  missions t o  
so la r  system exp lo ra t i on  by the science comrllunity occurred dur ing the 12th  Colloquium o f  
the IAU, e n t i t l e d  Phys ica l  Studies of the f imr Ptanets, he ld  i n  Tucson, Arizona i n  March 
1971 (Gehrels, ed., 1971). I t  became apparent dur ing the course o f  t h i s  meeting, pa r t i cu -  

per by Anders (1971), t h a t  ser ious planning of an as te ro id  mission 
e a t  t h a t  time. This p o s i t i o n  was s t rong ly  supported by two important  
t a t e  o f  knowledge about as tero ids  was based on 1 i m i  ted data about several 
pproaching ob jec ts  wh i l e  the p o t e n t i a l  f o r  much b e t t e r  in format ion through 
ed ground-based observations was very high; and (2)  mission concepts t o  
ated on s i n g l e  well-known targets ,  which seemed t o  o f fe r  a r e t u r n  of i n -  
s comparatively small, i n  comparison w i t h  the vas t l y  more complex goal of 

as tero id  exp lora t ion .  Consequently, dur ing the decade o f  t he  197O8s, as tero ids  continued 
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t o  be s tud ied from the  Earth, r a t h e r  than by missions, and r i g h t l y  so. Out o f  t h i s  re-  
search has emerged an impressive systematic ca ta log ing of  as te ro id  c h a r a c t e r i s t i c s  i n  the 
form o f  t he  TRIAD data f i l e  (Ze l lner ,  1978). 

Mission concepts a l so  improved. Spec i f i ca l l y ,  ana lys is  of  m u l t i - t a r g e t  concepts, 
introduced i n i t i a l l y  by Brooks and Hampshire I 1  (1972) and subsequently analyzed by Bender 
and Fr ied lander  (1975) and others, have shown t h a t  several ob jec ts  (up t o  s i x  o r  seven) 
can be encountered on a s i n g l e  mission, g r e a t l y  enhancing i t s  p o t e n t i a l  science re tu rn .  
The purpose of  t h i s  paper i s  t o  present a b r i e f  ,?view o f  recent progress i n  as te ro id  mis- 
s ion  ana lys is ,  and t o  present arguments f o r  a p re fe r red  copcept f o r  e a r l y  exp lo ra t i on  of 
the  as tero ids .  The as te ro id  ta rge ts  discussed inc lude Apol los ,  Amors, main be1 t objects,  
and the Trojans. Mission concepts reviewed inc lude f a s t  and slow f lybys ,  rendezvous, and 
sample re tu rn .  Both s i n g l e  and mu1 t i p l e  ta rge t  examples are c i t e d .  Propuls ion requ i re-  
ments of both b a l l i s t i c  and s o l a r  e l e c t r i c  l ow- th rus t  f l i g h t  modes a re  included i n  the  
mission examples examined. Mission concepts and associated c h a r a c t e r i s t i c s  are presented 
f i r s t  by way o f  t y p i c a l  example summaries, fo l lowed by r a t i o n a l e  and support ing arguments 
for  se lec t i on  of the  mu1 t i - a s t e r o i d  rendezvous mission concept f o r  e a r l y  f 1 i g h t  explora- 
t i o n .  The paper concludes w i t h  a b r i e f  d iscussion o f  rendezvous s t ra teg ies  capable of  
g loba l  and d e t a i l e d  i nves t i ga t i ons  of i nd i v idua l  bodies i n  the presence o f  the  small bu t  
not  i n s i g n i f i c a n t  as te ro id  g r a v i t y  f i e l d s .  

SEMI-MJOR nxrs. AU 

Fig. 1. Astero id  mission oppor tun i t y  frequency. 
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ASTEROID MISSION CONCEPTS 

Missions tc -he asteroids,  l i k e  a l l  o ther  i n te rp lane ta ry  f l i g h t s  from the  Earth, are 
constrained t o  pe r iod i c  launch oppor tun i t ies .  Although i t  i s  t h e o r e t i c a l l y  poss ib le  t o  

I, 
launch an as te ro id  mission almost any time, owing t o  the  la rge number o f  a v a i l a b l e  t a r -  
gets, missions t o  spec i f i c  ob jec ts  have spec i f i c  launch oppor tun i t ies ,  spaced i n  t ime by 
t h e i r  synodic pe r iod  w i t h  the Earth. Each o b j e c t ' s  synodic per iod i s  c o n t r o l l e d  by the  
semimajor a x i s  ( a )  o f  i t s  o r b i t  about the Sun. A p l o t  of  synodic per iod ( r e l a t i v e  t o  the 
Earth) versus semimajor ax i s  i s  presented i n  F igure  1. The average oppor tun i ty  i n t e r v a l  
( i . e . ,  synodic per iod)  of  Mercury, Venus, Mars, and J u p i t e r  a r e  shown i n  the p l o t  as open 
c i r c l e s .  Various as tero ids  from the Apo l lo  1976UA (a = 0.83 AU) t o  the  Trojan Hector i 
(a = 5.15 AU) a re  a l so  presented i n  the  p l o t ,  as s o l i d  dots.  I t  i s  r e a d i l y  apparent from 
t h i s  presenta t ion  t h a t  missions t o  a l l  as tero ids  beyond Mars can be undertaken w i t h  a f r e -  
quency of  less  than once every two years; main b e l t  missions have ac oppor tun i ty  frequency ! 
averaging once every 16.5 months. Only those ob jec ts  which have o r b i t s  approaching 1 AU 
( the  Ear th 's  o r b i t )  e x h i b i t  i nc reas ing l y  longer gaps between d i r e c t  b a l l i s t i c  opportuni-  
t i es ,  owing t o  the  low r e l a t i v e  motion between themselves and the Earth. These ob jec ts  
are p r i m a r i l y  t he  Apol los and some o f  the  c lose r  Amor;. The longest i n t e r v a l  shown on 
Figure 1 i s  f o r  the Apol lo 1976AA (a = 0.97), 19.1 years. I t  should be noted, however, 
t ha t  whereas ob jec ts  which are accessible on i n t e r v a l s  less  than every two years e x h i b i t  
launch windows o f  approximately a month, ob jec ts  suctl as 1976AA which a re  accessible on l y  

. i 
once i n  a great  wh i l e  remain accessible f o r  many months (perhaps even more than a year )  
when t h e i r  oppor tun i t i es  do occur. One f i n a l  p o i n t  on mission oppor tun i t i es  t o  bear i n  , 
mind i s  t h a t  the  f l i g h t  requirements ( i . e . ,  launch energy, f l i g h t  time, and payload per-  
formance) can be h igh l y  va r iab le  from one oppor tun i ty  t o  the next  because of  the  eccen- 1 

t r i c i t y  and i n c l i n a t i o n  o f  as te ro id  o r b i t s .  Hence, even though mission oppor tun i t i es  re-  
cur  on average every 16.5 months o r  so, favorable oppor tun i t i es  occur w i t h  l ess  frequency; 
s p e c i f i c  examples w i l l  be c i t e d  below. 

Six as te ro id  mission concepts w i l l  be discussed as a means o f  demonstrating the char- 
a c t e r i s t i c s  k h i c h  are  a v a i l a b l e  t o  the mission planner f o r  the  developnient o f  f l i g h t  ex- 
p l o r a t i o n  s t ra teg ies .  The i d e n t i f y i n g  features of each of  these missions are summarized 
i n  Table 1. As can be seen, t h i s  mission se t  includes near-Earth, main be1 t, and Trojan 
as te ro id  ta rgets .  Both b a l l  i s t i c  and low- thrus t  f l i g h t  modes are  represented. Four 
s ing le  missions are included--two rendezvous and two sample r e t u r n  missions; and two 

I .  
m u l t i - t a r g e t  missions w i l l  be discussed--one f l y b y  concept and one rendezvous concept. 
A l l  o f  these missions cou ld  be accomplished w i t h  cu r ren t  technologies. a l though c e r t a i o  
hardware elements requ i red f o r  some o f  the missions have, as ye t ,  not  been developed. 
Each o f  these s i x  examples i s  presented i n d i v i d u a l l y  i n  the fo l l ow ing  subsections. 

I 
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1976AA 

M I S S I O N  CHARACTER1 S T I C S  - ---- -- 
SHUTTLE/ l d S ( T W I N ! / S P I N N E R  

LAUNCH . . . . . . . . . . . . . . . . JULY 13 

1976AA ARRIVAL ........ JANUARY 

.'I 510s MODULE . . . . . . . . 5 0 0  KG . I 
' I 
: I 

1 
. I 

1 AU 
& 

F ig .  2. 1991 1976AA rendezvous ntission. I 
/ '  i 3 3 1 

j i  1 
T'-e c lose  p rox im i t y  o f  1976AA t o  the Earth was in~ntediate ly recognized as a p o t e n t i a l l y  

: i  1 a t t r a c t i v e  s i t u a t i o n  f o r  f l i g h t  exp lora t ion .  The a s t e r o i d ' s  h igh  o r b i t  i n c l i n a t i o n  o f  more 

1 1  i \ than 13". however, was soon 1-eai i zed t o  be a nli t i  g a t i  ng f a c t o r  aga ins t  low-energy a i i  ssions. 

1 I 
Both unmanned and ~iianned b a l l i s t i c  r o u ~ d - t r i p  missions t o  1976AA have been s tud ied (Niehoff, 
1977) and both p o s s i b i l i t i e s  were found t o  requ i re  r r i u l t i p l e  Shu t t l e  launches. Yet more 

.; 1 1 p r a c t i c a l  one-wa! h d l l  i s t i c  rendezvo~s ~ ~ t i s s i o r i s  t c ~  1976AA are  ; \ s i b l e .  An example o f  such 
a nl iss ion i s  i l l u s t r a t e d  i n  F igure  2 w i t h  a J u l y  1992 launch date.  The Ea r th ' s  o r b i t  i s  

: I  I shown as dots i n  the f i gu re ,  w i t h  the e c l i p t i c  p r o j e c t i o n  o f  1976AA's o r b i t  shown as dashes. 
The h e l i o c c n t r ~ i c  t r a n s f e r  " ~ . ~ f i r  Carth t o  1976AA i s  repi'esented by the s o l i d  arc ntarked w i t h  
arrows. A f l i g h t  t i l i l e o f  , days i s  required.  Note tha t  the spacecraf t  would never be 

;,d . B 
more than 0.15 AU away front the Earth d l r r ing  the e n t i r e  t r a n s f e r  t o  the as te ro id .  A ren- 

; !  i dezvous payload o f  more than 500 kg could be managed w i t h  a Shuttle/IUS(Twin)/Spinner launch 

; I  i system. This would p lace approximately i 0 0  kg o f  science ins t rumenta t ion  a t  rendczvous w i t h  
1976AA. By comparison, t h i s  l t ~ i s s i o n  has approximately the same l e v e l  o f  performance d i  f f  i- , c u j t y  as the G a l i l e o  mission, b u t  i s  accomplished i n  a ~ttuch sho r te r  per iod  o f  time. 

The f i r s t  example i s  a b a l l i s t i c  rendezvous mission t o  the  Apo l lo  as te ro id  1976AA. 
1976AA was discovered two years ago (Shoemaker and He l in .  1978). I t  i s  the  f i r s t  as te ro id  
found w i t h  a sernirnajor a x i s  l ess  than the Ea r th ' s  (0.97 AU). 1976AA's o r b i t ,  w i t h  a p e r i -  ' 

I 1 
i I 

1 ! 
I :  

h e l i o n  o f  0.74 AU and an aphe l ion  o f  1.14 AU. crosses the Earth. I t s  o r b i t a l  pe r i od  i s  1 

about 347 days. Hence i t  rltoves s l i g h t l y  f a s t e r  about the Sun than the  Earth. passing i t  
once every 19 years (note the synodic per iod  o f  19?6AA i n  F igure  1 ). The next  window o f  
favorable rendezvous opportuni  t i e s  t o  1976AA occurs between 1991-93 (Bender. 1976). 
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2s Retun  Mission 

This example i s  a low-energy b a l l  i s t i c  savple r e t u r n  mission t o  Anteros. This as te r -  \ 

o id,  discovered i n  1973, i s  a Mars-crosser w i t h  a p e r i h e l i o n  o f  1.06 AU and Jn aphel ion 
almost i n  the main b e l t  a t  1.80 AU. I t s  low i n c l i n a t i o n  o f  8.7" con t r i bu tss  s i g n i f i c a n t l y  . i , 
to  low-energy cha rac te r i s t i cs  G! t h i s  mission, depicted i n  F igure  3. Again the do t ted  9 r -  
b i t  i s  t ha t  o f  the Earth and the dashed o r b i t  i s  t ha t  o f  Anteros. The outbound and r e t u r n  I , ,  

' 1  ' 

1 I I 
I '  

i i 

#ISSION CHAMCTERISTICS 1 
SHITTLE/IUS(TWIN) 

................. LAUNCH 26. 1992 1 ,  ' I  
ARSIVAI. ................ AUGUST 20. 1993 1 

............... STAY f Inf 177 DAYS 1 

I I . . . . . . . . . . .  D ~ P A R T U R E  FEBRUARY 14. 1994 
................. W C ~ ~ T R Y  H A Y  14. 1995 i 

i 
' 

I 

I \  
\ 

\ 
# 

I 

F i q .  3. 1992 Anteros caniple r e t u r n  mission. i 
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Although the  energy requ i red i s  low, the  f l i g h t  t ime o f  t h ree  years i s  comparable t o  
t h a t  requ i red fo r  a Mars sample r e t u r n  mission. The s tay  t ime alone a t  Anteros, i n  t h i s  
example, i s  comparable t o  the f l i g h t  t ime o f  t he  rendezvous mission t o  1976AA presented 
above. I n  general, low-energy f l i g h t  times a re  p ropor t i ona l  t o  the 3/2's power o f  the 
semimajor ax i s  o f  t he  ob jec t ,  so t h a t  sample r e t u r n  missions requ i re  i nc reas ing l y  longer 
times, t he  deeper the as te ro id  b e l t  i s  penetrated, t o  reach a des i red ta rge t .  This s i t u -  
a t i o n  i s  a l l e v i a t e d  somewhat by sho r te r  s tay  t imes (Ear th  i s  more favorab ly  placed a t  
a r r i v a l  f o r  immediate departure) o f  ob jec ts  i n  the  main b e l t ,  and by l ow- th rus t  propulsion, 
bu t  t r i p  tinies w i l l  no t  decrease f o r  more remote ob jec ts .  

The ra the r  h igh  e c c e n t r i c i t y  (e  = 0.26) o f  Anteros, combined w i t h  i t s  per iod o f  625 
days, r e s u l t s  i n  va r iab le  mission energy requirements from one opportuni  t j  t o  the  next. 
With a synodic pe r iod  o f  very near ly  2.4 years t h i s  behavior i s  c y c l i c a l  over a per iod o f  
f i v e  opportutl i  t i e s ,  o r  12 years. I n  o the r  words, t he  low-energy sample r e t u r n  examples 
t o  Anteros presented above occur on l y  once every 12 years, even thouqh f o u r  add i t i ona l  
launch oppor tun i t i es  occur du r ing  t h i s  i n t e r v a l .  As i t  turns  out, one o f  these oppor- 
t u n i t i e s  occurs w i t h  Anteros proper ly  s i t u a t e d  i n  i t s  o r b i t  f o r  a f a s t  one-year sample 
r e t u r n  miss ion b u t  the  energy requirements are  very high.  Such mission v a r i a b i l i t y  w i t h  
oppor tun i ty  i s  t y p i c a l  o f  as tero ids  w i t h  eccen t r i c  o r b i t s .  Add i t iona l  c h a r a c t e r i s t i c s  o f  
Anteros missions can be found i n  a recent paper by Niehoff  (1977). \ 1 . 1  A Main B e l t  h l t f - F l y b y  Mission 

Mu1 ti- targeted as te ro id  f l y b y  missions were introduced by Brooks and Hampshire I I 
(1972) as a means o f  expanding f l y b y  in format ion r e t u r n  f o r  e s s e n t i a l l y  t he  s imple a d d i t i o n  

: j )  o f  a propu ls ion system comparable t o  t h a t  o f  a p lanetary  o r b i t e r .  This concept i s  descr ibed 
genera l ly  as a se r ies  o f  several b a l l  i s t i c  main be1 t f ly- throughs du r ing  which small amounts 

! I  o f  propu ls ion a re  expended a t  appropr ia te  po in ts  along the t r a j e c t o r y  t o  sequen t ia l l y  ac- 

I j q u i r e  ta rge ts  o f  oppor tun i ty .  While there  i s  no way o f  knowing a priori any more than the  

I f i r s t  t a rge t  (usua l l y  selected t o  s t a r t  t he  search procedure), enough ta rge ts  present them- ' I selves du r ing  the  course o f  generat ing such a miss ion t h a t  some se lec t i on  i s  poss ib le .  The 
, , mu1 t i - f l y b y  example selected f o r  d iscussion here was generated as p a r t  of  a l a r g e r  unpub- 

1 

, 8 

l i shed  study a t  Science Appl icat ions,  Inc. ,  which spec i f i ed  a priori t h a t  t h i s  p a r t i c u l a r  
I , mission encounter Ceres, a t  l e a s t  one M c lass  (metal1 i c )  ob jec t ,  and as many o the r  ob jec ts  

I ,  . I  as possible.  The miss ion was f u r t h e r  constrained t o  begin dur ing the 1984 launch window 
I , ,  

, i  f o r  Ceres. The e c l i p t i c  t r a j e c t o r y  p r o j e c t i o n  o f  the r z s u l t i n g  miss ion i s  presented i n  
1 1  ~j Figure 4. I t  cons is ts  o f  two passPs through the  main b e l t  separated by a reencounter of 

i the  Earth, and includes s i x  as te ro id  f l ybys .  Launch occurs i n  August 1984 and Ceres ( t h e  

I : I  f i r s t  t a r g e t )  i s  encountered i n  May 1985. No low-energy ta rge ts  o f  oppor tun i t y  were found 
between Earth and Ceres. An impulse o f  390 m/sec i s  app l ied  s h o r t l y  a f t e r  t he  Ceres f l yby  i j l  enabl ing an encounter w i t h  Phi losophia a year  l a t e r  i n  June 1986. Another impulse of 
565 m/sec i s  app l ied  s h o r t l y  a f t t r  Phi losophia f l y b y  t o  reencounter t he  Earth i n  J u l y  1987. 4 :  1: The Ear th 's  g r a v i t y  a s s i s t  along d i t h  a 315 mlsec impulse i s  used t o  reshap? the second 
main b e l t  f l y - th rough  t o  encounter t he  M-type o b j e c t  Ba th i l de  i n  May 1988. One t a r g e t  of  

a opportuni ty,  Harvard, was subsequently found before t h e  Bath i lde  f l y b y  and two more, 
; 1 Massevitch and L igu r ia ,  were found a f t e r  Bazhilde but  s t i l l  on the same o r b i t  rebo lu t ion .  : I  ! 1 An add i t i ona l  465 m/sec was needed t o  add t r iete ta rse ts .  L igu r ia ,  t he  f i n a l  f l yby ,  occurs 

' /  
I 1  

i n  May 1989, 4.8 years a f t e r  launch. 

The energy requiremenis o f  t h i s  example are  t h e  lowest o f  the  s i x  mission concepts 
presented. The post- launch impulse requirement i s  1735 mlsec p lus  nav iga t i on  maneuvers. 
A 500 kg spacecraft ca r ry ing  100 kg o f  science instruments would r e q u i r e  an add i t i ona l  
800 kg of post-launch propu ls ion t o  perform t h i s  mission. The t o t a l  i n j e c t e d  mass o f  
1300 kg i s  eas i l y  accomodated by a Shutt le/[US(Twin) system a t  the  requ i red i n j e c t i o n  
energy (C3) o f  54 km2/sec2. Note the f l yby  speeds given i n  F igure  4, which vary from a 
low o f  5.3 km/sec a t  Philosophia t o  a h igh  o f  12.4 km/sec a t  L i g u r i a .  



MISSION CHARACTERISTICS 

....................... 
SHUTTLEIIUS(~~N) 

LAUNCH AUG 84 

CERES FLYBY (10.1 KPS).. ...... MAY 8 5  
rnkLuaurnrn ( r c r ,  .. PHILOSCPHIA FLYBY (5.3 KPS). JUN 8 6  

...... 1L1GUR111 (316) EARTH SWINGBY (8.2 KPS). JUL 8 7  
HARVARO FLYBY (6.7 KPS). ...... FEB 8 8  

..... BATHlLOE FLYBY (8.5 UPS). HAY 88 

... ............ . MASSEVITCH FLYBY (5.4 KPS). NOV 88 
. . . . . ...... LIGURIA FLYBY (12.4 UPS) MAY 89  

.............. TOTAL TRIP TIME 4.8 YRS 

............... MISSION MODULE 500 KG 

t T j l  AU 

\ I / LAUNCH i 

Fig .  4. 1984 mu1 t i - a s t e r o i d  f l y b y  mission. 

This example has two encounters on the f i r s t  f l y - th rough and f o u r  on the  second. 
Three encounters per f ly- through are  usual l y  experienced i n  generat ing mu1 t i-f l yby  miss ion 
concepts, so we have here some i n d i c a t i o n  of t he  v a r i a b i l i t y  i n  number o f  encounters pos- 
s i b l e  per pass, althougt, the  en  counters s t i l l  average three- per pass. Mu1 t i - f l y b y  
missions can t h e o r e t i c a l l y  be launched anytime. However, i f  a s i n a l e  s ~ e c i f i c  main b e l t  I 
f i r s t  t a r g e t  i s  desired, as was the  case here, launch opportuni t ie;  w i l i  occur on l y  once 
ever.y 16-1 7 months w i t h  some va r iab i  1 i t y  experienced i n  launch energy, and hence maximum 
payload, regardless of  t h e  subsequent ta rgets .  
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A k i n  Belt Multi-Rendexvoue, MLseion 
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This next  example c a p i t a l i z e s  on the  p o t e n t i a l  advantage o f  mu1 t i p l e  encounters by I 

a t t a i n i n g  rendezvous cond i t ions  a t  each ta rge t  instead o f  high-speed f lybys .  Not on ly  do 
' 

the spacecraf t  instruments have more than three orders o f  magnitude more t ime t o  study 
each object ,  b u t  l i g h t i n g  cond i t ions  are  con t ro l l ab le ,  d istances r e ~ a i q  constant, and sur-  i 
face probes can be deployed w i t h  reasonably sfla1 1 expenditures o f  energy, if desired.  The 
penal ty f o r  t h i s  added c a p a b i l i t y  i s  ntuch higher energy requirements and longer t o t a l  mls- 
s ion  time. The mult i-rendezvous nl ission i s ,  i n  fac t ,  the  most d i f f i c u l t  mission t o  per- 

t o  meet the post-launch nldneuver requi  rements. 

i form o f  the s i x  examples presented, and requ i res  sq  advanced low- thrus t  propu ls ion system I 

I I 

i 
The example chosen f o r  d iscuss ion 1s a f i v e - t a r g e t  mission t h a t  was generated by ! 

Bender (1977). I t s  e c l i p t i c  f l i g h t  p r o f i l e  i s  depicted i n  F igure  5. As before, the dot -  ! 
ted o r b i t  i s  t h a t  o f  the  Earth, and the s o l i d  arcs marked w i t h  a r r o r s  are  the helioce-. ' c  
t r ans fe rs  between targets .  The dashed arcs i n d i c a t e  the per iods o f  rendezvous (s tay  t 
w i t h  each ta rge t .  This t ime i s  t y p i c a l l y  se t  a t  90 days per ta rget ,  but  i s  s l i g h t l y  long- 
e r  a t  the  f i r s t  ta rget ,  Vesta (1 12 days) f o r  performance reasons. Two d i f fe rences a re  
immediately apparent compared t o  the  m u l t i - f l y b y  p r o f i l e  (Figure 4 ) .  F i r s t ,  once the 
f l i g h t  path reaches the as te ro id  be1 t i t  stays there.  Second, t hc  arcs,  and hence fl i g h t  

i ' :  times, between ta rge ts  are longer. This i s  a necessary r e s u l t  o f  reducing the encounter ' 
speed a t  each ta rge t  t o  zero f o r  rendezvous, and d i r e c t l y  increases t o t a l  t r i p  time. The I ' 
f i ve - ta rge t  example shown i n  F igure  5 has a 1987 launch and requ i res  almost n ine years t o  
complete if the stay t ime a t  Klytaemnestra i s  added t o  i t s  May 1996 a r r i v a l  date. The i 
energy -e f f i c i en t  s p i r a l  character o f  t he  f l i g h t  path  was poss ib le  i n  t h i s  example because i 
the four as tero ids  encountered a f t e r  Vesta were targets  of  oppor tun i ty .  I f  spec i f i c  t a r -  ! ,' 

gets are desired, l ess  e f f i c i e n t  f l i g h t  p r o f i l e s  a re  l i k e l y  t o  occur, which could r e s u l t  
i n  fewer target' ,  being accessible w i t h i n  performance capabi 1 i t i e s .  1 

i 
MISSION CHARACTERlSTlCS 

SHUTTLE/lUS(rWIN)/lON D R I V E  (60 KW) 

LAUNCH ....................... OCTOBER 3. 1981 
KLYTAEIlNESTRA ARRIVAL VESTA ARRIVAL ................ MY 14. 1989 

ASIA ARRIVAL ................. APRIL 26. 1991 

............. CAMPANIA ARRlVAL FEBR'LARY 15. 1993 

............... PSYCHE ARRIVAL OCTOBER 7. 1994 I 

KLYTALNNESTRA ARRIVAL ........ MY 31. 1996 

................... STAY TINES 90 TO 112 DAYS 

.................... T R I P  TINE 8.7 YEARS 

M lSS101  WWLE ............... 500 KG 

I , \ . 
............... SURFACE PROBES 75 ffi PER ASTEROID 

I 
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! 
I 
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Fig.  5. 1987 mu1 t .  as te ro id  rendezvous miqsion. 
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A 500 kg, non-propulsive mission molule c ~ r r y i n g  100 kg o f  science was assumed f o r  
determining the performance requirements of  t h i s  example. A f u r t h e r  allowance o f  75 kg 
per ta rge t  was added t o  permi t  t he  deploy~nent o f  a  pene!.rator a t  each of  the  f i v e  as ter -  
oids, as we l l  as 100 kg of  mercury propel  : an t  f o r  low- thrus t  s ta t i on -keep ing lo rb i ta l  ma- 
neuvers. With these payload assumptions the mission requires a  60 kw Ion Dr ibe low- thrus t  
propu ls ion system s i m i l a r  t o  t h a t  r ccen t l y  designed by the J e t  Propuls ion Laboratory (Anon 
1977) f o r  a  Hal ley Rendezvous missicn. Thv payload and t h i s  l ow- th rus t  system can be 
launched w i t h  the  Shutt le/ lUS(Twin).  

Launch oppor tun i ty  c h a r a c t e r i s t i c s  are  c i m i l a r  t o  those f o r  the  ~ l u l  t i - f l y b y  mission 
discussed above. The average t ime between reqdezvous encounters, i n  t h i s  example, i s  
1.5 years, which i s  t y p i c a l  f o r  main b e l t  ob jec ts .  Hence, each i n t e r - a s t e r o i d  t r a n s f e r  
and encounter i s  s i m i l a r  t o  an inner  p lanet  m i5 i i on  i n  t ime and operat ions.  The bene f i t  
of  the  mult i-rendezvous mission i s ,  therefore.  no t  so much i n  savings i n  t ime as i t  i s  i n  
savings i n  hardware costs, s ince on ly  one system i s  employed t o  explore many targets .  
Add i t iona l  in format ion on the t radeoff  between number of ta rgets ,  p ropu ls ion requi  rcments, 
and f l i g h t  t ime i s  g iven i n  the next sect ion,  which presents a  r a t i o n a l e  f o r  why the m u l t i -  
rendezvous mission concept should be the base1 i n e  approach to  fl i g h t  exp lo ra t i on  c f  the 
as tero ids .  

A Main Belt Sunple Return Mitiusi.on 

This example. a  sample r e t u r n  mission t o  a  main b e l t  as tero id .  i s  presented f o r  sev- 
e r a l  reasons. F i r s t ,  m i n  b e l t  sample r e t u r n  i s  a  very probable element o f  any comprehen- 
s i v e  as te ro id  exp lo ra t i on  s t ra tegy.  Second, sample r e t u r n  from main be1 t as tero ids  i s  
considerably more d i f f i c u l t  than from wel l -p laced Apollos o r  A~nors (such as 4nteros d i s -  
cussed e a r l i e r ) ,  an inlportant p o i n t  re levant  to  ulanning exp lo ra t i on  s t ra teg ies .  

1 
........ ......... . . -. 

M I  SSlm CHARACTERISJIC> 

TLE/ IUS(TWIN) /SEP(2I  I(W) 

.................... LAUNCH JUNE 25. 1990 

.............. VESTA ARRIVAL HAY 25. 1992 

STAY T I M E  .................. 30 DAYS 

........... 
.................... 

VtSTA DEPARlURL JUNE 24. 1992 

REENTRY DECEMBER 27. 1993 

................ LE S I Z E  1 KG 

T 

I 
............... 

\ 
# 

F ig .  6. 1990 Vesta sample r e t u r n  mission. 



The s p e c i f i c  example chosen f o r  i 1 l u s t r a t t o n  o f  requirements and c h a r a c t e r i s t i c s  i s  
a 1990 Vesta sample re turn .  The he1 i o c e n t r l c  f l i g h t  p r o f i l e  i s  presented i n  F igure  6. 
Launch takes p lace i n  June 1990. A low- thrus t  i n te rp lane ta ry  t r a n s f e r  d e l i v e r s  the sample 
r e t u r n  mission module t o  Vesta almost two years l a t e r  i n  May 1992. A s h o r t  stay t ime o f  
30 days i s  assumed f o r  sample a c q u i s i t i o n  on the  presumption t h a t  t h e  t a r g e t  has already 
been explored by a precursor rendezvous mission. The same low- thrus t  system begins a . , ,  C .+ , - -  - 
s p i r a l  departure o f  Vesta i n  June 1992. The 1.5-year r e t u r n  t r a j e c t o r y  reencounters 
the Earth i n  December 1993 where the sample capsule i s  released on a d i r e c t  reent ry  f l i g h t  

- a .  1 , .  
1 ,  

path f o r  surface recovery. The t o t a l  mission t ime f o r  t h i s  example i s  3.5 years, which i s  
, !  , . . 

t y p i c a l  f o r  missions o f  t h i s  k ind.  , . 

. . 
Payload assumptions f o r  a performance ana lys is  o f  t h i s  mission a re  s i m i l a r  t o  those . ' ~ ;  - ., 

assumed f o r  the  Anteros b a l l  i s t i c  sample r e t u r n  discussed above. An i n te rp lane ta ry  mis- 
s ion  module o f  400 kg i s  needed, together  w i t h  the low- thrus t  propu ls ion system. Encourlter b , i , 

operations, i nc lud ing  i n i t i a l  o r b i t  capture, descent, sample acqu is i t i on ,  ascent, and ren- 1 ' .  : I  dezvous w i t h  the wa i t i ng  i n te rp lane ta ry  low- thrus t  system and mission module are  handled I .  

by a 495 kg lander/ascent/rendezvous (LAP.) module. The f i n a l  hardware system needed i!; . I , . , ,  , - j ! . 
the sample reent ry  capsule budgeted a t  30 kg i nc lud ing  a 1 kg sample. The 30-day stay t ime : :  , 9 

t . "  , . 

i s  d iv ided i n t o  f o u r  segments: (1)  a three-day approach phase terminated w i t h  impuls ive ' * ,  t , 
capture o f  the  e n t i r e  system using LAR propu ls ion i n t o  a low c i r c u l a r  o r b i t ;  ( 2 )  one week 4 ' .  r .; ! , . 
o f  o r b i t a l  reconnaissance f o r  s i t e  se lec t ion ;  (3)  one week fo r  descent, acqu is i t i on ,  ,and , .  : ... ) :. 
de l i ve ry  of the sample by the LAR t o  the  w - i t i n g  i n te rp lane ta ry  spacecraft; and (4)  low- <.;I  : .. 
t h r u s t  s p i r a l  escape from Vesta i n  the remaining 13 days. 1 . ' .  , .  

A pre l iminary  assessment o f  i n te rp lane ta ry  f l i g h t  opt ions c l e a r l y  showed t h a t  law- , . .  . i . ,  
t h r u s t  propu ls ion i s  needed f o r  main b e l t  as te ro id  sample re turns  such as the  Vesta example 1 , .  discussed. To perform t h i s  mission bal l i s t i c a l  l y ,  even w i t h  o p t i m i s t i c  energy and post-  : . {  1 

launch propu ls ion assumptions, would requ i re  f o u r  Shu t t l e  launches. These 1 aunches would , 
be used t o  assemble 11 IUS stages i n  o r b i t  needed t o  i n j e c t  t he  requ i red payload ( i nc lud ing  ; j ,i 
post-launch propu ls ion)  on a b a l l  i s t i c  t r a n s f e r  t r a j e c t o r y  t o  Vesta. By compari soti, t he  

I _  

low- thrus t  mission can be performed w i t h  a s i n g l e  Shutt le/IUS(Twin) launch. A 25 kw s o l a r  
e l e c t r i c  low- thrus t  propu ls ion module e a s i l y  performs the i n te rp lane ta ry  transfer;. It 

;; should be noted t h a t  t h i s  system i s  considerably l ess  advanced and less  c o s t l y  tb3n the : ,  

60 kw Ion Dr i ve  system used i n  the p re i i ous  mu l t i - as te ro id  rendezvous mission ex;lmple. I *  
' I  I 

It fo l lows t h a t  s i n g l e  main b e l t  as te ro id  sample r e t u r n  missions a re  more e a s i l y  performed 1 : I . :  
than main b e l t  mult i-rendezvous missions, from a propu ls ion p o i n t  o f  view. I 1 ,  ~ 1 ! ,  

i l  i '  'i ' .. 
A Trojan Astaroid Rendeaw Mission 

The f i n a l  example t o  be discussed i s  a rendezvous mission t o  a Trojan as tero id ,  cao- 
t u r d  a t  one of the  s t a b l e  l i b r a t i o n  po in ts  o f  J u p i t e r .  Launch opportuni  ti% t o  the Tro- 
jans occur a t  13 month i n t e r v a l s  (see Hektor, F igure  1 ) .  L i t t l e ,  i f  any, ~ ~ i s s i o n  ana lys is  
has been performed on the Trojan as tero ids .  Therefore, t he  example presented here was 
selected t o  be representa t ive  of  minimum requirements f o r  Trojan rendezvofls, t o  determine 
if b a l l i s t i c  f l i g h t  performance i s  adequate f o r  t h i s  c lass  o f  as te ro id  m;ssions. 

The selected t a r g e t  i s  the  Tro jan as te ro id  Odysseus, which has the r a t h e r  small o r b i t  
i n c l i n a t i o n  o f  on ly  3.2". Propuls ion requirements were f u r t h e r  minimie.ed, i n  the case 
examined, by se lec t i ng  an optimum l a u ~ c h  oppor tun i ty ,  i . e .  , November 1968. The b a l l  i s t i c  
f l i g h t  p r o f i l e  i s  shown i n  Figure 7, lrsing the  same o r b i t  p r o f i l e  for.nats as i n  the preced- 
i n g  examples. Rendezvous occurs i n  September 1991 , almost th ree yea 's a f t e r  launch. 

I t  i s  apparent from +.he energy requirements f o r  t h i s  f l i g h t  p r o f i l e  t h a t  t h i s  would 
be a d i f f i c u l t  b a l l i s t i c  mission t o  perform, considerably more d i f f i c u l t  than the 
G a l i l e o  mission, f o r  example. Hence. the performance ana lys is  waj based on the  f u l l  capa- 
b i l i t y  of a Shuttle/IUS(Twin)/Spinner launch veh ic le  i n  order  t o  determine maximum payload 
capabi 1 i ty .  Using a two-stage , high-energy , space-storable ret;opropul s ion  system, the 
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SWTlLE/IUS(TNlN)lSPlNI(ER 

................. s . 2  MI LNMH N ~ V E M ~ E R  2. 1pes 
....... OOYSSNS ARRIVAL SEP7R6BER 29, 1991 

........ NlSSlOk HSWLP* 115 KG 

*NET AY A1  LARL F 4SSUNINC 2-STAGE SPACE-STORABLE 
R I T  

\ - 4  AU 
\ 
\ ', OOYSSfUS' ' ORBIT ' . 

Fig. 7 .  1988 Odysseus rendezvous mission. 

maximum de l i ve red  rendezvous payload was found t o  be on ly  115 kg. W i  thou? exp lor ing  t h i s  
example any f u r t h e r ,  two conclusions are apparent. F i r s t ,  even the most accessible Trojan 
as tero ids  w i  11 requ i re  low- th rus t  propu ls ion ( o r  g rav i  t y - a s t i s t e d  t r a j e c t o r i e s )  f o r  ren- 
dezvous. Second, the 1 i k e l  ihood o f  mu1 t i-rendezvous Trojan as te ro id  missions i s  doubtfu l  
i n  l i g h t  o f  these energy requirements and the substan- ia l  d i f fe rences i n  o r b i t  i n c l i n a -  
t i o n s  o f  the l a r g e r  known bodies. 

MULTI-ASTEROID RENDEZVOUS: PREFERRED EXPLORATION HODE 
& 

. 0 :  , . 

The Comni t t e e  on Planetaty and 1 unar Explorclt ion \ ;OMPLFX) (Anci.,  1976) has def ined " b 

th ree l e v e l s  o f  p lanetary  i nves t i ga ,~on  wbich are.  i n  increasing order o f  comprehension 
, - 

and soph is t i ca t i on :  (1 ) reconnaissance. ( 2 )  exp lora t ion ,  and (3)  i n tens i ve  study. The 
de ta i l ed  ground-based program o f  as te ro id  observations, c u r r e n t l y  i n  progress, i s  o f t e n  i - 
c i t e d  as the reconnaissance phase o f  as te ro id  exp lora t ion .  If t h i s  premise i s  co r rec t ,  . . 

- .  then i n i t i a l  f 1 i g h t  p ro jec ts  should address "exo lora t ion"  l e v e l  questions o f  as te ro id  i n -  
$ : :  

v es t i ga t i on .  With t h i s  perspect ive  i n  mind, an important  quest ion t o  be answered p r i o r  t o  i 

the planning o f  as te ro id  exp lo ra t i on  s t ra teg ies  i s :  "What i s  an appropr ia te  miss ion con- I ., 

cept t o  undertake ' exp lo ra t i on '  l eve l  i n v e s t i g a t i o n  o f  the  as tero ids?"  . .  I 

: t; 
Three miss ion concepts embrace the s i x  as te ro id  mission examples j u s t  discussed: 1 '  

f lyby,  rendezvous, and sample re tu rn .  :he f l y b y  concept can be f u r t h e r  d i v ided  i n t o  two I I 

subconcepts, f a s t  f l y b y  and slow f lyby .  (Only the f a s t  f l y b y  concept has been discussed :: ', 
i 

above, i . c . ,  the b a l l i s t i c  mu1 t i - f l y b y  main be1 t mission example. ) There are, therefore, 
, . 
! ,I 

i i  . 
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., - 4  , I 
f o u r  basic mission concepts f o r  exp lo ra t i on  l e v e l  study o f  t he  as tero id .  I n  p lanetary  . . 

. d , !  

e xp lo ra t i on  s t ra teg ies ,  t h e  sample r e t u r n  concept i s  considered a p o r t  of  i n t e n s i v e  study. I '  

, . i ' 

The p re fe r red  approach i s  t o  develop a broad base o f  "exp lora t ion"  l e v e l  knowledge w i t h  . - 7  ' 

less  c o s t l y  one-way mu l t i - t a rge ted  as te ro id  missions, then prc .LU w i t h  sample r e t u r n  mis- 
1 

sions t o  a few s p e c i f i c  representa t ive  as tero ids ,  ir order  t o  e f f e c t i v e l y  pursue " in ten-  
s i v e  study" l e v e l  obje. i i v e s  o f  as te ro id  exp lora t ion .  I t  should be noted, however, i n  the 
s p e c i f i c  case o f  low-energy Apol l o  and Amor objects,  i t  may be poss ib le  t o  combine "explo- i 

r a t i o n "  and " i n tens i ve  study" w f t h  m u l t i p l e  ob jec t  sample re tu rns .  The p r a c t i c a l i t y  of 4 . .  1 ! 
such a hyb r id  approach w i l l  depend on add i t i ona l  d iscover ies  o f  such low-energy ob jec ts  as 3 .  

we l l  as f u r t h e r  engineer ing s tud ies  o f  mission requirements. 

The azCignment o f  sample r e t u r n  t o  the "intensi3,,e study" l e v e l  s t i l l  leaves three 
basic m is i  :on concepts t o  choose from f o r  "exploration" l e v e l  i nves t i ga t i ons ,  i . e .  , fas t  ' 4  

f l yby ,  slow f l y b y ,  and rendezvous. Assuming t h a t  a1 1 of  these concepts are capable of 1 ; .  
ca r ry ing  a comparable comprehensive science payload (on the order  of  100 kg mass), then , - :  , *. . % 

# , 
the e f fec t iveness o f  each can be judged i n  terms o f  those payloads' encounter performance. 
Encounter performance wi 11 be assessed here by cons ider ing the  capabi 1 i t y  ( s p a t i a l  reso l  u- 
t i b n  and t ime)  o f  a v i sua l  imaging experimefit, the  premise being t h a t  i f  imaging encounter 

,i.. :, 
I .  

c a p a b i l i t i e s  are unsat is fac tory ,  so a l s o  w i l l  be most, if n o t  a l l ,  o f  the  o the r  remote , ,  : ; I ;  .- 
sensing instruments. I n  o ther  words, i f  an as te ro i i l  remote sensing payload cannot produce . , 

acceptable imaging science because o f  enccunter cond i t ions  ( p r i m r i  l y  v-.loci t y )  , i t  w i  11 
no t  produce good science w i t h  i t s  o the r  ins t rumenta t ion  ol t .her.  I 
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i . 4 .  , reso lvab le  p i c t u r e  e l m n t s  an w d c r  o f  m g n i  tude smdl l e r  than the snel l e r  t a rge ts  o f  
i n t e r e s t .  This s t i l l  leaves the lower I l m i t  o f  r e s o l u t i o n  a t  1  km. c e r t a i n l y  q u i t e  crude 
even by comparison w i  t h  lower r e s o l u t i o n  p lanetary  imaging capabi l  i t i e s .  The 1  i ~ l i i t i n g  I 

e f f e c t i v e  r e s o l u t i o n  a f  spacecraf t  imaging instrunlents. based on V ik ing  o r b i t e r  and Voyager 
design, i s  about 2 arcsec. Hence, f o r  reso lu t i ons  of b e t t e r  than ; O h \ ,  the i n s t r u ~ l w n t  - I 
must be w i t h i n  104 km o f  the t a r g e t  as i l l u s t r a t e d  by thedashed l i n e s  i n  F igure  8. l h i s  3 t 

j ,  

b 

fo re  useful  data on surface features can be ~ssumed. These values w i l l  now be used t o  
evaluate the e f fec t iveness o f  the th ree candidate "exp lora t ion"  l e v e l  mission concepts 

a 1 :  
def ined above. 

As ter ,o~d encounter t radeof fs  between f l yby  v e l o c i t y  and tinre w i t h i n  spec i f i ed  :esolu- 
t i o n  boundaries are  presented i n  F i g w e  9. f l y b y  v e l o c i t y  i s  hown a!ony the abscissa. a )  

Tim: w i t h i n  r e s o l u t i o n  boundaries i s  g iven on the l e f t  o rd ina te  i,n niinutes, w i t h  s o l i d  
curves f o r  the two r e s o l u t i o n  boundaries def ined dhove, ; . c . ,  1 0 '  Lm .tnd 10' Am, p l o t t e d  
i n  the  graph. For the purpose o f  cotliputations an enccunter o f  Ce,-?s 11.3s been dssu~ned w i t h  
a  c l o ~ e s t  approacii o f  100 k r .  The e f fec t  o f  assuming a smal le r  t a rqe t  w i l l  he 11rent:oned 
i n  a  moment. Consider f i r s t  the fas t  f l y b y  encounters. I n  the rtiain b e l t  mu l t i - a \ : v r . o i l  
f l y b v  exan~ple discussed e a r l i e r  (see f i g u r e  4 ) .  a ni in im~m f l yby  speed o f  5.3 A ~ ~ i s e c  was 
noted f o r  t he  second ta rget .  Phi losophia.  This value i s  no t  ri!uch above the theur'et ical 4 ' 

m i ~ i m u ~ i !  f l y b y  speed o f  4.5 km/sec f o r  a  main b e l t  as te ro id  a t  a  mean d is tance o f  2.4 AU. ! : ' 1  
encountered by a  b a l l i s t i c  oplanar t rans fer  f ran  the Earth.  Tlre average f l v h y  speed o f  b 

I the  s i x  encounters i s  8 Lm/sec. The r e s u l t i n g  times spent w i t h i n  the r e s o l u t i o r ~  boundaries I 

f o r  speeds o f  5 and 8 kmlsec, found i n  c i au re  9, are as fo l l ows :  

- - - -- - - . -- - - - - - .. - - - -- . - .-.- - - 1 
Resol u  t i on Bounda~ I es 
- .- -. - - -  . . - . - - - - - - .~. 4 '  

; I 
, - - . - - . - - . - - - - - - - . . - - - - - - . - - . - - - . - - - . - - . - - - - 

Mi n  i :::urn. 5 knl/ sec 
Averaye, 8 kmn/sec I .  . .  . .  . .. I 

These t imes are, of iourse .  maximum poss ib le  values. Imacje smear near c l oses t  approach. as 
w e l l  as ~ n f a v o r a b l e  so la r  1  i g h t i n g  geometry would reduce these t i l l r s .  For smal let- ob jec ts  
the  t imes w i t h i n  the boundaries (measured frola the surface) would a l so  he less .  

Typical  t s t e r o i d  r o t a t i o n  ~ e r i o d s  are 5-10 h r .  Hence, t o  oh ta in  f a l l  l ong i t ud ina l  i t  
coveraqe o f  as tero ids  w i t h  re l io tc  sensing spacecraf t  w i  11 requ i re  ,:! :,',w: 5 h r  (300 niin! I 
w i t h i n  acceptaLle r e s o l u t i o n  boundaries. A conservat ive value o f  10 h r  (600 min) seenis \ 

8 
more reasonable f o ~  p lanning purposes (assunring the spec i f i c  mission t a n l e t s  do no t  have 
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FLYBY VELOCITY. KM/SEC , 

F ig.  9. Astero id  encounter t radeof fs .  

known r o t a t i o n  rate; before encounter), espec ia l l y  when the ex tent  o f  poss ib le  r o t a t i o n  
var ia t ions,  l i g h t i n g  condi t ions,  ob jec t  s ize,  and exposure/smear fac to rs  a re  a l l  taken 
i n t o  account. Returning t o  Figure 9, i t  i s  found t h a t  the  f l y b y  speeds requ i red t o  pro- ! 
v i de  60C min w i t h i n  the  boundaries of 10,000 km and 1,000 km are  0.58 km/sec and 0.08 km/ 
sec, respect ive ly .  These v e l o c i t i e s  are  between one and two orders o f  m g n i  tude slower 
than the average speed of  the  m u l t i - f l y b y  mission example presented i n  Figure 4. Fact 

i f lybys severely r e s t r i c t  the  amount of  useful data obtained. Hence, i t  can be concldded 
tha t  on l y  the slow f lyby  and rendezvous mission concepts are  s u i t a b l e  candidates f o r  , , 

"exp lora t ion"  l eve l  as te ro id  i nves t i ga t i on ,  where slow f l y b y  re fe rs  t o  encounter v e l o c i t i e s  
of l ess  than 1 km/sec. 

0 



The key t radeof f  which d ic ta tes  the choice between slow flyby and rendezvous mission 

PROPULSION SYSTEM 
(40 KW; CF = 3.2) 

2.000 - 
MISSION HOWLE 

0.90 

2 3 4 5 6 7 8 9 1 0  

AVERAGE NUMBER OF TARGETS 

F i g .  10. Capabi l i ty  o f  advanced solar  e l e c t r i c  
propulsion fo r  ~ n u l t i p l e  asteroid rendezvous missions. 



shows the maximum i n j e c t e d  mass which can be launched by a  Shutt le/IUS(Twin) veh ic le  a t  
t he  t y p i c a l  vie vim i n j e c t i o n  e,?ergy requirement. Up t o  e i g h t  t a rge ts  can be encountered 
wi thout  landers, and up t o  s i x  t a rge ts  reached w i t h  small landers, w i thou t  exceeding s i n g l e  
launch S h u t t l e  c a p a b i l i t y .  Because o f  c e r t a i n  simp1 i f y i n g  assumptions, these pre l iminary  
r e s u l t s  represent upper l i m i t s  on number o f  ta rgets .  Also, i t  should be noted t h a t  t y p i -  
c a l l y  1.5 years o f  f l i g h t  t ime i s  requ i red t o  reach each ta rge t .  Hence, an e i g h t - t a r g e t  
mission would have a  t r i p  t ime from launch t o  the  f i n a l  t a rge t  o f  12 years. The impact o f  
such long endeavors needs t o  be assessed both i n  terms o f  r e l i a b i l i t y  and planning o f  s c i -  
ence i n v e s t i g a t o r  p a r t i c i p a t i o n .  

The r e s u l t s  shown i n  F igure  10 are  der ived f o r  a  40 kw Ion Dr i ve  l ow- th rus t  system 
w i t h  s o l a r  a r ray  concentrators, a  design considerably advanced over e a r l y  l o x - t h r u s t  devel- 
opment plans. Using a  l ess  advanced 25 kw design, s t i l l  w i t h  concentrators,  would decrease 
the  number o f  t a rge ts  t o  th ree o r  four .  Fur ther  decreasing the design t o  a  25 kw system 
wi thout  concentrat ion,  representa t ive  o f  cu r ren t  SEP technology, would decrease the  number 
of  t a rge ts  t o  on l y  two. Hence, the p o t e n t i a l  exp lo ra t i on  c a p a b i l i t y  o f  t he  mu l t i - as te ro id  
rendezvous concept very much depends upon t h e  l e v e l  o f  low- thrus t  performance a v a i l a b l e  a t  
t he  t ime such missions are  t o  be implemented. 

RENDEZVOUS OPERATION CONSIOERATIONS 

A few remarks on maneuver s t ra teg ies  du r ing  rendezvous should be made s ince the ef- 
f ec ts  o f  as te ro id  g r a v i t y  f i e l d s  are  d i f f e r e n t  from those encountered i n  p lanetary  exper i -  
ence. The g r a v i t y  o f  as tero ids  l a r g e r  than 10 km i n  diameter i s  g rea te r  than t h a t  usua l l y  
assumed fo r  comet nuc le i .  Hence, stat ion-keeping rendezvous s t ra teg ies  t y p i c a l l y  assumed 
f o r  comet rendezvous missions can be very c o s t l y  a t  as tero ids  l a r g e r  than 10 km, p a r t i c u -  
l a r l y  when c lose approaches ( ~ 1 0 0  km) are  desired.  The p re fe r red  a1 t e r n a t i v e  i s  t o  o r b i t  
these objects,  j u s t  as i s  done on p lanetary  rendezvous missions. 

O r b i t a l  per iods (ord inate)  are presented as a  funct ion  o f  o r b i t  a1 t i  tude (abscissa) i n  
F igure  11 f o r  four s i z e  (diameter) as tero ids :  1, 19, 100 and 1000 km, assu:ning a  mean den- 
s i t y  o f  3  g/cm3. Two-body epuations o f  motion d i c t a t e  that. a l l  spher ica l  bodies of  equal 
dens i t y  have the same o r b i t a l  per iods a t  zero a l t i t u d e ,  i . s . ,  1.9 h r .  However, as a l t i t u d e  
increases the  associated o r b i t a l  per iods about smal le r  bodies increases more r a p i d l y  than 
f o r  l a r g e r  bodies. This c h a r a c t e r i s t i c  i s  ev ident  i n  F igure  11. Hence, a t  10 km a l t i t u d e  
the  o r b i t a l  per iod about the l a r g e s t  as te ro id  Ceres (21000 km diameter) i s  s t i l l  on l y  1.9 h r  
wnereas f o r  a  1  km ob jec t  i t  i s  180 h r  ( f rom Figure 11).  A t  100 km a l t i t u d e  the Ceres o r -  
b i t e r  would s t i l l  have a  sho r t  per iod o f  o n l y  2.5 hr ,  whereas a  1  km a s t e r c i d  o r b i t e r  would 
have an extremely long pe r iod  o f  5400 h r  (225 days). I n  f a c t ,  a  1  km as te ro id  a t  a  mean 
so la r  d is tance o f  2.75 A'J would have a  sphere-of- inf luence o f  on l y  100 km. 

Given the o r b i t a l  c h a r a c t e r i s t i c s  j u s t  described, what should the encounter s t ra tegy 
be f o r  a  f i r s t  remgte sensing payload? Many p o s s i b i l i t i e s  e x i b t .  Gne a t t r a c t i v e  scenario, 
which i s  sequent ia l ly  phased i n  th ree steps from broad global  reconnaissance t o  very de- 
t a i l e d  study, goes as fo l lows:  

Step 1: Slowly approach the as te ro id  from a r e s t  p o s i t i o n  beginning 
a t  the order  o f  50,000 km. During t h i s  t ime (23 days) con- 
t i  nue processing low-reso lu t ion  imaging t o  determine o b j e c t  
s ize ,  shape, r o t a t i o n  ra te ,  and po la r  ax is .  

Step 2: Es tab l i sh  a  po la r  observat ion o r b i t  w i t h  a  per iod a t  l e a s t  
several times longer than the as te ro id  r o t a t i o n  per iod f o r  
g loba l  medi um r e s o l u t i o n  coverage. 

Step 3: When g loba l  coverage i s  complete t rans fe r  t o  a  low a1 t i  tude 
c i r c u l a r  o r b i t  which i s  near ly  resonant w i t h  the r o t a t i n g  
ob jec t  so t h a t  s i t e s  o f  s p e c i f i c  i n t e r e s t  can be s tud ied 
r e p e t i t i v e l y  i n  d e t a i l .  
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F i g .  1 1 .  O r b i t a l  c h a r a c t e r i s t i c s  around a s t e r o i d s .  



; 
2; "I ; Three examples of  t h i s  rendezvous maneuver s t ra tegy  a re  sumnarized i n  Table 2 f o r  :,: ,; 1 , , ~  th ree l a r g e  as tero ids :  Fortuna, Urania, and Vesta. Global coverage o r b i t  a1 t i t u d e s  near I ..% ,. . . 

800 km were chosen t o  prov ide 100 m imaging reso lu t i on .  Minimum coverage t imes f o r  these i - - I , 

ob jec ts  var ied f r o m  1-4 weeks. Resonant low a l t i t u d e  o r b i t s  o f  l ess  than 70 km prov ide ; *? : 
r eso lu t i ons  o f  b e t t e r  than 8 m w i t h  the  same camera system. Note a l s o  the  small amount : ;  . 

I. , 
o f  impuls ive AV which would be requ i red t o  e s t a b l i s h  these o r b i t s ,  t he  most being 141 m/ . .  . 

I - , I  
. ,  . 7 1 

sec f o r  Vesta. Hence, these o r b i t s  can be es tab l ished i n  a sho r t  pe r iod  o f  t ime w i t h  the  t , 
low- thrus t  i n t e r - a s t e r o i d  propu ls ion system, o r  even w i t h  a small a u x i l i a r y  chemical pro- t . .I 
pu l s ion  system, i f  pre fer red.  I n  summary, an adapt ive o r b i t a l  sensing s t ra tegy  i s  sug- 
gested f o r  as te ro id  rendezvous payloads which o f f e r s  considerable i n v e s t i g a t i o n  f l e x i  b i  l- 

1 . :  , 

i t y  a t  minimum propu ls ion cost .  ! 

I 

Table 2. Astero id  Rendezvous P r o f i  1 e Example 

- 
Astero ids  

Parameters 
Fortuna Urani a Ves t a  

Class Object 

Diameter (km) 

Rota t ion  Per iod ( h r )  

I n i t i a l  O r b i t  A1 ti tude f o r  Global Mapping (km)a 

I n i t i a l  O r b i t  Per iod ( h r )  

Minimum Global Mapping Time (days )a  

F ina l  O r b i t  A1 t i  tude f o r  Deta i led  Studies (km)a 

F ina l  O r b i t  Per iod ( h r )  

F i n a l  O r b i t  Rate: Rota t ion  Rate Resonance 

Equivalent  Tota l  AV f o r  O r b i t  Capture (m/sec) 

a ~ h e s e  data presented f o r  750 mn foca l  l eng th  camera w i t h  a 49 mrad f i e ld -o f - v iew  and 
120 llrad per l i n e  p a i r  reso lu t ion ;  mapping reso lu t i ons  are  5100 m, d e t a i l e d  s tud ies  reso- 
l u t i o n s  are 9 m. 
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DISCUSSION 

ssion module f o r  the Anteros sample r e t u r n  miss ion  i nc lude  some 

NIEHOFF: Yes, there  i s  2 separate lander veh i c le  t h a t  a c t u a l l y  does the a c q u i s i t i o n  and 
which has some surface scicnre.  There i s  a l s o  an al lowance o f  50 kg f o r  remote sens- 
i n g  instruments. 

1 A V  f o r  a m u l t i - a s t e r o i d  f l y b y  mission? 
n shown i t  i s  1700 m/sec. This i s  the A V  a f t e r  Earth escape, 
er than Ga l i l eo .  

VEVERKA: I am confused between the two Ion  Dr ives.  I s  t he  convent ional  one the  same as 
the  one c u r r e n t l y  being discussed f o r  a poss ib le  Comet Encke o r  Tempe1 2 mission? 

NIEHOFF: Yes. Twenty- f ive k i l o w a t t s  i s  enough t o  do Encke o r  Tempe1 2 rendezvous. 
WETHERILL: I s  there  anything e s s e n t i a l l y  d i f f i c u l t  about going t o  the 60 kw ins tead o f  

25 kw? I s  i t  j u s t  a matter  o f  making i t  b igger  o r  does the cos t  go up enormously? 
MORRISON: There are  some engineer ing changes w i t h  the  l a r g e r  system. One t r i e s  f o r  

h igher  e f f i c i e n c i e s  and t h a t  costs ex t ra .  For example, the s o l a r  concent ra tor  f o r  
the 25 kw system i s  s impler ,  a f a c t o r  o f  two ins tead o f  a f a c t o r  o f  four .  

FANALE: I would 1 i ke t o  make two conments. One i s  t h a t  the example you gave o f  imaging 
i s  very use fu l .  However, i f  you d i d  the  same exerc ise  f o r  o the r  instrunlents which 
have wider f i e l ds -o f - v i ew .  i t  i s  even lrlore devastat ing.  My second comment i s  t h a t  i t  
i s  no t  j u s t  the r e s o l u t i o n  t h a t  we are concerned w i th .  We mentioned b r i e f l y  g loba l  
coverage t h a t  you ge t  on ly  i f  you watch the as te ro id  r o t a t e .  You a l s o  want va r i a t i ons  
i n  the Sun-spacecraft-object geometry f o r  photopolar imetry,  radiometry and f i e l d s  and 
p a r t i c l e s  experiments. I agree the  r e s o l u t i o n  i s  a bas ic  t h i n g  bu t  there  a re  o the r  
important  th ings  as we l l ,  a l l  o f  which argue f o r  the  advantages o f  rendezvous. 
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ARNOLD: Usual ly on missions l i k e  ~ ~ i i s ,  the  gamma-ray spectrometer i s  t he  c r i t i c a l  i tem 1 ! 

as f a r  as t ime i s  concerned and I am de l i gh ted  t o  have o the r  people a l so  wanting t o  ' r  

be around f o r  a  long b;me. For the  gamma-ray spectrometer, and f o r  t he  x-ray system 
as we l l ,  one r e a l l y  needs t o  be p r e t t y  close. The angular f i e l d  i s  t y p i c a l l y  30°, 
which means i n  your d e s c r i p t i o n  o f  the  as te ro id  encounter, the  t ime spent a t  100 km I . ,  

from the o b j e c t  i s  very i n t e r e s t i n g .  Being 800 km away i s  not. Many th ings I came 
here t o  argue f o r  from one p o i n t  of view are sur fac ing as usefu l  from o the r  po in t s  o f  
view and i t  sounds as if a s tay  t ime on the order  o f  60 days i s  r e a l i s t i c .  

NIEHOFF: The reason f o r  t h a t  h igher o r b i t  was t o  get  a  quick g loba l  map. It would prob- 
ab ly  take much longer and be a  much b igger  burden on the  imaging system i f  the i n i t i a l  
map were done a t  c lose r  range. 

ARNOLD: I t h i n k  i f  you t r i e d  t o  p i c t u r e  yourse l f  i n  t h a t  room planning the sequence o f  , ' I  

steps, having t h a t  qu ick  map would be very, very valuable before  you s t a r t e d  t r y i n g  ) I  

t o  t h i n k  what you were going t o  do next .  . ! ;  
NIEHOFF: One t h i n g  I d i d n ' t  mention was t h a t  we are  i n  the process o f  doing an ana lys is  

of  g r a v i t y  mapping w i t h  Doppler t rack ing  and the i n i t i a l  r e s u l t s  look  encouraging. 
No separate instrument mdy be necessary t o  g e t  the  mass d i s t r i b u t i o n .  1 

ARNOLD: There i s  a  d i s t i n c t i o n ,  which i s  important  t o  me, between o r b i t i n g  and s t a t i o n -  
keeping. I would sure ly  t h i n k  o f  o r b i t i n g  Ceres o r  any r e a l l y  b i g  ob jec t .  I would ! 

r .  
want t o  g e t  i n t o  a  p o l a r  o r b i t  and look a t  the  whole th ing.  A t  smal le r  ob jec ts  you 
do h o t  o r b i t ,  bu t  you would t r y  t o  go t o  say s i x  o r  e i g h t  c lose  po in ts  and ho ld  a  . .  
pos i t i on .  Where does the t r a n s i t i o n  between these operat iona l  modes occur? : I '  FANALE: I ind ica ted  t h a t  stat ion-keeping i s  eas ier  than o r b i  t-keeping except f o r  the  b i g  I 

ones which have a  surface escape v e l o c i t y  o f  more than 100 m/sec. 
ARNOLD: What diameter i s  t h a t  roughly, do you r e c a l l ?  
NIEHOFF: Orb i t s  are poss ib le  around as tero ids  which are  s u r p r i s i n g  small,  maybe less  than , 

10 km. As an add i t i ona l  po in t ,  f o r  a  very small ob jec t  ( l ess  than 10 km), the surface I i 
weight  o f  a  lander would be measured i n  grams, not  i n  ki lograms; t h i s  i s  an important  : I '  

operat iona l  problem f o r  sampling . 1 : 
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. 5% Primary goals f o r  the  exp lo ra t i on  o f  Earth-approaching as tero ids  w i l l  
be t o  determine t h e i r  chemical and minera log ica l  composit ion and espe- 9 
c i a l l y  t o  determine t h e i r  s t ruc tu re .  Objects der ived from t h e  main 
as te ro id  b e l t  a re  l i k e l y  t o  be fragments o f  l a r g e r  bodies. As such 
they would prov ide d i r e c t  evidence on the  i n t e r n a l  s t ruc ture ,  processes, 
and h i s t o r y  o f  t he  l a r g e r  parent as tero ids .  Nonvo la t i l e  cores o f  ex- 
t i n c t  comets, on t h e  o ther  hand, may y i e l d  the  most d i r e c t  evidence 
obta inab le  concerning the e a r l y  stages o f  acc re t i on  of s o l i d  mat ter  i n  
t he  so la r  system, s p e c i f i c a l l y  i n  the ou te r  p a r t  o f  the  system. Return 
o f  samples would be essent ia l  t o  develop and decipher t h i s  evidence. 

Study of  unmanned missions shows t h a t  between 5% and 10% o f  t he  Earth- 
approaching as tero ids  can be reached by low AV b a l l  i s t i c  t r a j e c t o r i e s  
(AV from low Earth o r b i t  l ess  than the 6.4 kmlsec requ i red f o r  rendez- 
vous w i t h  Mars). Two o f  the  best  candidates, from the  t r a j e c t o r y  
standpoint, a re  1977VA and 1943 Anteros. Both o f  these are  Amor as- 
te ro ids .  Rendezvous i s  achieved near aphelion, and the minimum impulse 
requ i red f o r  sample r e t u r n  t o  Earth i s  very low--of the order  of 1 km/ 
sec. Because impulses f o r  land ing and escape from these small as ter -  
o ids  are  o f  t h e  order  o f  1 mlsec, many landings could be made t o  v i s i t  
and sample d i f f e r e n t  p a r t s  o f  an as te ro id  i n  the  course o f  a s i n g l e  
mission. An aggressive astronomical search f o r  more near-Earth as te r -  
o ids  w i l l  undoubtedly y i e l d  many more promising candidates f o r  t h i s  
type o f  exp lora t ion .  Development o f  the  Space S h u t t l e  opens the pos- 
s i b i l i t y  o f  an exp lo ra t i on  program wherein a s i n g l e  spacecraft cou ld  
make repeated round- t r ips  between the Earth and d i f f e r e n t  low A V  
as tero ids .  

The discovery o f  1976AA (a = 0.97, e = 0.18, i = 19') i nd i ca tes  l n a t  
a few astero ids  e x i s t  which a re  very c lose neighbors of the Earth. 
The extreme near-Earth ob jec ts  a re  Amors and Earth-crossers w i t h  semi- 
major axes near 1 AU t h a t  have acquired small e and i as a consequence 
o f  repeated c lose encounters w i t h  the Earth. Typ ica l ly ,  these ob jec ts  
would be accessible by low 4V missions o f  6 months o r  a year dura t ion .  
Manned missions t o  explore such bodies a re  t e c h n i c a l l y  feas ib le  by 
u t i l i z i n g  the  c a p a b i l i t i e s  o f  the  Space Shut t le .  Roughly about 1% of 
t he  Earth-approaching as tero ids  may be s u f f i c i e n t l y  c lose neighbors 
o f  the Earth t o  be considered candidates f o r  manned missions based on 
7-10 Shu t t l e  launches. The discovery r a t e  f o r  Earth-crossers would 
have t o  be increased by a f a c t o r  o f  about f i v e ,  however, i n  order  t o  
achieve a h igh  expectancy o f  f i n d i n g  a s u i t a b l e  t a r g e t  w i t h i n  10 years. 
The pr imary tasks o f  exp lo ra t i on  o f  Earth-approachi ng as tero ids  are  
we l l  su i ted  t o  the  c a p a b i l i t i e s  o f  p rope r l y  t ra ined  as t ronaut -sc ient is ts .  

- 7 -  
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The pr imary goals f o r  the  exp lo ra t i on  of near-Earth as tero ids  ( i nc lud ing  those bodies 
which are e x t i n c t  comets) would be t o  determine t h e i r  s t ruc tu re ,  the  d i v e r s i t y  of chemical 
and minera log ica l  composi t i o n  o f  i n d i v i d u a l  bodies, t he  processes of acc re t i on  and subse- 
quent metamorphism o r  magmatic d l  f f e r e n t i a t i o n  of these bodies, and especlal  l y  t he  h i  s to ry  
o f  these processes. Objects der ived from the main as te ro id  be1 t are l i k e l y  t o  be f rag-  
ments o f  l a r g e r  bodies. As such they would prov ide d i r e c t  evidence on the  i n t e r n a l  s t ruc -  
ture,  processes, and h i s t o r y  of  t h e  l a r g e r  parent as tero ids .  The stony cores o r  o ther  non- 
v o l a t i l e  residua o f  e x t i n c t  comets, on the o ther  hand, may y i e l d  the most d i r e c t  evidence 
obtainable concerning the  e a r l y  stages o f  acc re t i on  of  s o l i d  mat ter  i n  t he  s o l a r  system, 
s p e c i f i c a l l y  i n  t he  outer  p a r t  o f  t he  system. Return o f  samples w i l l  be essent ia l  t o  de- 
velop and decipher much o f  t h i s  evidence. 

The Earth-approachi ng as tero ids  are  espec ia l l y  a t t r a c t i v e  f o r  exp lo ra t i on  because o f  
several  favorable cond i t ions .  F i r s t ,  some o f  t he  Earth-approaching as te ro ids  are  the eas- 
i e s t  bodies beyond the Moon t o  reach. Secondly, w i t h  the  poss ib le  except ion o f  a few ac- 
t i v e  comet nuc le i ,  some a re  t h e  sn?allest bodies discovered i n  the s o l a r  system. Because 
o f  t h e i r  small s ize ,  tL2y have very low escape v e l o c i t i e s ,  o f  the  order  o f  1 mlsec. This 
has two important  consequences f o r  exp lora t ion :  

1. On account of  t h e  low escape v e l o c i t i e s ,  r e g o l i t h s  on t h e i r  sur-  
faces should be very t h i n  t o  l o c a l l y  absent. S u f f i c i e n t  bedrock 
should be exposed, i n  c r a t e r  w a l l s  and elsewhere, t o  determine 
the s t r u c t u r e  o f  these ob jec ts  from a combination o f  remote and 
on s i t e  observations and samples. I t  i s  of  i n t e r e s t ,  i n  t h i s  
regard, t h a t  i n f r a r e d  rad iometr ic  observations o f  Betul  i a  sug- 
gest  t h a t  i t  has a rocky surface, u n l i k e  t h a t  of  l a r g e r  main 
b e l t  as tero ids  (Lebofsky e t  al. , 1978). 

2 .  Because o f  the low escape v e l o c i t i e s ,  land ing and escape from 
surfaces o f  these as tero ids  requi  res  almost negl i g i  b l e  propul-  
s ion.  Landing i s  roughly comparable t o  docking w i t h  another 
spacecraft, and i t  should be poss ib le  t o  achieve landing by means 
o f  r e l a t i v e l y  s imple engineer ing design features.  

Third,  on the basis of  dynamical considerat ions and e x i s t i n g  physical  observations, many 
di:ferent k inds o f  bodies appear t o  be represented among the near-Earth as tero ids .  I n  
p a r t i c u l a r ,  i t  seems l i k e l y  t h a t  they inc lude many e x t i n c t  comets. 

J t  has been argued tha t ,  because a l a rge  number o f  meteor i tes t h a t  are presumed t o  be 
samples of as tero ids  are already a v a i l a b l e  f o r  study, missions t o  r e t r i e v e  samples from 
astero ids  are unnecessary. Most o f  what i s  known about very ea r l y  cond i t ions  and events 
i n  the h i s t o r y  of  the  s o l a r  system has, indeed, been learned f r o m  meteor i tes .  As impor- 
t a n t  as the meteor i tes are, however, every one of them i s  a sample o u t  o f  context .  U n t i l  
as tero ids  are ac tus l  l y  explored and sampled d i r e c t l y ,  the  reconst ruc t ion  of  the  parent  
bodies whence ne teo r i  tes  have come w i  11 remain speculat ive.  This 1 i m i t a t i o n  o f  knowledge 
about the pdrent bodies, i n  tu rn ,  places severe r e s t r a i n t s  on our understanding of meteor- 
i tes and on the r e l a t i o n s h i p  o f  the meteor i tes t o  one another. Ce les t i a l  mechanics and 
the processes o f  meteoroid en t r y  i n t o  Ear th 's  atmosphere are e f f i c i e n t  f il ters ,  moreover, 
and i t  i s  c l e a r  t h a t  meteor i tes are not  a representa t ive  se t  o f  samples o f  s o l i d  ma te r ia l  
i n  near-Earth space. 

What are the f r a g i l e  ob jec ts  t h a t  d i s i n t e g r a t e  i n  the Earth 's atmosphere? Do we ac- 
t u a l l y  have samples among the meteor i tes o f  the  n o n v o l a t i l e  par ts  o f  comets? What i s  the  
s t r u c t u r e  o f  a comet nucleus o r  of  t he  n o n v o l a t i l e  pa r t s  o f  the nucleus? What i s  t he  
s t r u c t u r e  o f  a small p r i m i t i v e  as tero id? I s  i t  an aggregate o f  aggregates of  s o l i d  ob- 
j e c t s  accumulated du r ing  accre t ion? What i s  t he  s i z e  o f  the  component pa r t s?  What i s  the 
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diversity of  cons t i t uen ts  i n  such a body? The answers t o  these questions can on ly  be 
obtalned by d i r e c t  exp lora t lon .  Global surveying o f  i n d i v i d u a l  bodies, combined w i t h  ' n u l t l p l e  re turned samples, i s  requ i red t o  ob ta in  d e f i n i t i v e  answers to  questions such as 

I those. 
4 ?; 

i :. 
I UNMANNED MISS IONS \ % ;  

I - -  , --. , { ;  
1 ,: The a c c e s s i b i l i t y  o f  near-Earth as tero ids  f o r  exp lo ra t i on  by spacecraf t  c..n be ex- . - . +  j . % !  , , 

pressed by the AV requ i red f o r  rendezvous, o r ,  i n  t he  case o f  sample r e t u r n  o r  manned / / explorat ion,  t he  combined n V  f o r  rendezvous and r e t u r n  t o  Earth. Deta i led  s tud ies  o f  out-  . * 
. bound and r e t u r n  t r a j e c t o r i e s  are  requ i red f o r  prec ise  determinat ion of  t he  AV f o r  any 

mission. But a convenient approximate est imate of the minimum poss ib le  AV may be obtained 
from the fo l l ow ing  f i g u r e  o f  mer i t ,  F 

t 

(1  F = UL + UR 

where U i s  the impulse requ i red to  i n j e c t  a spacecraf t  i n t o  a t rans fe r  t r a j e c t o r y  from - low ~ a r k h  orb1 t t o  the orb1 t o f  the as tero id ,  and UR i s  the impulse requ i red f o r  render- 
vous w i t h  the as tero id .  For s i m p l i c i t y  o f  ca l cu la t i on ,  both  UL and UR are normalized t o  

' ! . ? . *  
. i  ' 
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1 

i -  c 

- ,  ;i ! 
the Earth 's o r b i t a l  speed and are, therefore,  dimensionless. Low AV t r a j e c t o r i e s  a re  

,. achieved by rendezvous near aphel ion o r  p e r i h e l i o n  o f  the  as te ro id  o r b i t .  Minimum AV mis- ;, . 
I , .  sions t o  Amors and Apollos (where Apo l lo  aster-oids a re  formal ly  defined as having a > 1 AU) 

T. .- 
, . are achieved by rendezvous a t  aphelion. The t rans fe r  o r b i t  o f  the  spacecraft i s  taken t o  
: be tangent t o  the o r b i t  o f  the  Earth a t  p e r i h e l i o n  and tangent t o  the o r b i t  o f  the  as te r -  
' .  o i d  a t  aphelion. I n  order t o  achieve rendezvous under these i dea l  cond i t ions  the as te ro id  

. ,- would have t o  a r r i v e  a t  aphel ion a t  p r e c i s e l j  the  r i g h t  time. I n  ac tua l  missions, t he  
' 

as te ro id  i s  almost never a t  the  idea l  pos i t i on ,  so t h a t  r e a l  AVS t o  rendezvous are always 
somewhat l a r g e r  than ca l cu la ted  here f o r  the  i dea l  case. ., . , 

ase, ha l f  the  plane change i s  accomplished a t  
f a t  rendezvous. I n  the case where the argument 
n i t e  e c c e n t r i c i t y  o f  the E w t h ' s  o r b i t ,  UL i s  

UL = f i f  - Uo ( 2  

where S i s  the normalized speed o f  escape from Earth, Uo i s  the  normalized o r b i t a l  speed 
a t  low Earth o r b i t ,  and 
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where Q i s  the aphel ion d is tance o f  as te ro id  normalized t o  s e m i y j o r  ax i s  of  the Earth, 
and i i s  the i n c l i n a t i o n  o f  as te ro id  o r b i t .  The s o l u t i o n  f o r  Uf i s  obtaincd from the  
equation f o r  t he  encounter speed o f  an ob jec t  i n  eccent r ic  o r b i t  w i t h  an ob jec t  i n  c i t i u -  
l a r  o r b i t  (bpik,  1951). A term could be added i n  the computation of U t  f o r  the  eccent r ic -  
i t y  o f  the  Ear th 's  o r b i t ,  bu t  the  co r rec t i on  i s  l ess  than 1% i n  F f o r  a l l  known cases. 
The impulse a t  rendezvous, UR, i s  g iven by 

( 4 )  
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where, f o r  Amor as tero ids ,  . s 

t '  

I '  

- 3  2 2p- cos f ( 5  i u: - - 7j7 , '  

, , 

U: = ( 6 )  j : , 
* I :  

a i s  the  semimajor a x i s  o f  a s t e r o i d  normalized t o  semimajor a x i s  o f  the  Earth,  and e i s  ! ' 
the e c c e n t r i c i t y  o f  t he  as te ro id ,  and f o r  Apo l l o  as tero ids ,  

I .  

and 

For 1976AA-type ds te ro ids  (a 5 1 AU), minimum A V  a iss ions  a r e  achieved by rendezvous 
a t  p e r i  he1 i on .  However, sho r t  d u r a t i g n  missions a re  achieved by rendezvous 3 t  aphel ion.  

I 
1 '  

The nominal s t ra tegy  adopted f o r  rendezvous a t  aphe l ion  w i t h  1976AA-type as te ro ids  i s  some- 
what d i f f e r e n t  than t h a t  used f o r  rendezvous w i t h  Amors and Apol los.  The semimajor a v i s  of % ! 

the t r a n s f e r  o r b i t  o f  the  spacecraft i s  he ld  a t  1 AU and i s  tangent a t  aphe l ion  w i t h  the 
o r b i t  o f  t he  as tero id .  This decreases the rendezvous impt;lse, UR, a t  the  expense o f  a 
minor increase i n  UL; the  p e r i h e l i o n  of the  spacecraf t  o r b i t  no longer  corresponds t o  the , , 

p o i n t  o f  i n j e c t i o n  i n t o  the  t rans fe r  t r a j e c t o r y .  Equations (2) .  ( 4 )  and ( 8 )  apply, and , . t ,  

the so lu t i ons  f o r  U t  and Uc now become 
I ' I  1 '  

I .  

(9) 
I .  

I .  

3  ! 
u 2  = - - 1 - 2 4 m  (10) , 

c  Q 1 I 

The f i g u r e  o f  m e r i t  obtained by means o f  these equations i s  compared w i t h  the  ac tua l  . 
AV t o  rendezvous w i t h  e i g h t  low A V  ob jec ts  i n  F igure  1. The equat ion 

A V  = (30F + 0.5) km/sec (11 

y i e l d s  the ac tua l  AV f o r  optimuv missions w i t h i n  a few tenths o i  kmlsec p rec i s i on .  ( O r b i t -  
a l  speed o f  the Ear th  i s  30 kmlsec). 

I Cumulative frequency d i s t r i b u t i o n s  of F a re  st,own for  Amors i n  F igu re  2 and fo r  
Apol los i n  F igure  3. About 304: o f  the  Amors have f i gu res  o f  m e r i t  comparable t o  o r  lower 
than t h a t  o f  Mars. About 75% o f  the  Amors have lower f i gu res  o f  m e r i t  than " t y p i c a l "  main 
he1 t astero ids .  ( F  f o r  a t y p i c a l  main be1 t as te ru id  shown i n  Figures 4 and 5 was computed , , on the  bas is  o f  a = 2.5, e = 0.15, and i = 15O.) The cumulat ive frequency d i s t r i b u t i ~ n  o f  m 
F f o r  Apol los i s  d isp laced toward s l i g h t l y  h igher  values w i t h  respect  t o  the cumulat ive !, 

d i s t r i b u t i o n  o f  F f o r  Amors. About 60% of the Apol los are  eas ie r  t o  reach than " t y p i c a l "  
main b e l t  as tero ids .  

I 
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and from Bender (personal comnuni ca t ion ,  
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-CSCAPf FROM EARTH 
I 1 

F(FIGURE OF MERIT) 

The most favorable known as tero ids  f o r  low A V  missions a re  Anteros and the r e c e n t l y  
discovered Amor as te ro id  1977VA. Both o f  these as tero ids  are  eas ier  t o  reach than Mars, ! A n t e m s b y r s i g n i f i i a n t m a r g i n .  Ems, 1960UA. I v a r , a n d 1 9 7 2 R B a l l  h a v e f a v o r a b l e f i g  

I L .  ~, ures o f  mer i t ,  c l ose  t o  t h a t  of Mars. The Apo l lo  as te ro id  1959LM has a f i gu re  o f  m e r i t  1 j s i m i l a r  t o  t h a t  o f  Anteros, bu t  the o r b i t  o f  1959LM i s  poo r l y  determined and i t  i s  l o s t .  

1 / - - j  Another Apol lo.  PLS 6743, a l so  has a very low f i g u r e  of m e r i t  and i s  l o s t .  

A c h a r a c t e r i s t i c  o f  spec ia l  importance about rendezvous missions a t  aohel ion w i t h  low 
A V  Amors and Apol los i s  t h a t  the  rendezvous inpu lse  i s  very low, t y p i c a l l y  o f  the orcer  o f  
1 kmlsec and. i n  some cases, less .  Under optimum cond i t ions ,  the departure impulse f o r  
r e t u r n  t o  Earth i s  about the same as the rendezvous impulse. He~ce ,  missions can be found 
where the sum o f  rendezvous and departure impulses requ i red  f o r  sample r e t u r n  i s  i n  the 

i 
! range o f  2-3  kmlsec. I n  t h i s  respect, low A V  Earth-approaching as tero ids  are  s u b s t a n t i a l l y  

mcre access ib le  than t y p i c a l  n u i n  b e l t  as tero ids ,  where the sum o f  rendezvous and departure 
impulses i s  i n  the  range o f  5-6 kmlsec o r  h igher .  As shewn by N ieho f f  (1977). a s imple 
b a l l i s t i c  sample r e t u r n  mission t o  Anteros i s  w e l l  w i t h i n  the  i n j e c t i o n  c a p a b i l i t y  o f  a 
s i n g l e  Space Tug. 

Development o f  the Space S h u t t l e  opens the poss ib i  1 i t y  o f  an e n t i r e l y  new type o f  
exp lo ra t i on  program. A s i n g l e  spdcecra f t  cou ld  make repeated round - t r i p2  between Earth 
o r b i t  and d i f f e r e n t  low AV astero ids .  Propuls ion fo r  such a spacecraf t  could be provided 

- e l  t he r  by conventional rocket  engines o r  by l a - t h r u s t  ( i o n )  engines. Samples cou ld  be 
r e t r i e v e d  from the spacecraf t  i n  Earth o r b i t  by means of the Shut t le ,  where the  spacecraf t  
i t s e l f  cou ld  be re furb ished w i t h  new sample conta iners  and p r o p e l l a n t  f o r  e i t h e r  conven- 
t i o n a l  o r  add i t i ona l  i o n  engines. A n o ~ i ~ i n a l  s i n g l e  mission t o  each as te ro id  should i nc lude  
d e t d i l e d  v isua l ,  spectrophotometric. and chemical mapping o f  i t s  surface, de terminat ion  of 
i t s  mass ana dens i ty ,  and m u l t i p l c  i ~ n d i n g s ,  a t  s i t e s  se lec ted from t h i s  mapping. w i t h  on- 
s i t e  measurements and recovery o f  samples. Rota t ion  o f  the as te ro id  would have t o  be 

. determiced fro111 v isua l  mapping t o  permi t  t he  maneuvers requ i red  f o r  landing.  

2A? 
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F(:iGURE OF MERIT) 

F ig .  2 .  Cumulative f,.equency d i s t r i b u t i o n  o f  f i gure  of mer i t  for rendez- 
vous w i th  Amnr asterdids a t  aphelion. 
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Fig.  3.  Cumulative frequency d i s t r i b u t i o n  o f  f i g u r e  o f  mer i t  for  rendezvous w i th  I 

Apol l o  asteroids a t  aphel ion. 
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Fig. 4 .  Cumulative frequency d is t r ibu t ion  of figure o f  mer i t  f o r  rendezvous with Amor 
asteroids a t  per i  he1 ion. 

APPROXIMATE MINIMUM AV FROM LOW EARTH ORBIT TO RENDEZVOUS 

b 

, . 

Fig. 5. Cumulative frequency d is t r ibu t ion  of figure o f  mer i t  for rendezvous wi th  Apol lo  I 

asteroids a t  per i  he1 ion. 
i 
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A broad range of compositional types has already been i d e n t i f i e d  among i h ~  favorable - 
low AV asteroids. An i n i t i a l  program, f o r  example, might include missions t o  ;960UA , .: 
(possible C type), I va r  ( S  type) and 1977VA (possible M o r  E type). I t  i s  of i n t e res t  , ,...; t 

' 
! '. -,.: : + ., . 

tha t  a possible ex t i nc t  comet, 1960UA, i s  among the known low A V  objects. . :- -. ri , ! 
' 1  1 %  

Several unnumbered asteroids tha t  have very low apparent A V  from low Earth o r b i t  t o  i ' ' % !  a 

rendezvous, 1946S0, 1949SZ, and 1936U1, are occasional ly l i s t e d  among the Amors. These , - , - 
objects have poorly determined o rb i t s ,  however, and are l os t .  I n  a l l  p robab i l i t y  t h e i r  t .  
eccen t r i c i t i es  and semimajor axes are higher than has been estimated by pre l iminary  ca l -  - ,  

culat ion, and they do not have as low f igures o f  mer i t  as suggested by the prel iminary .: ' ! 
elements. The astero id  1936U1, discovered by Reinmuth, has a nominal f igure o f  111erit o f  i 
0.17, and i t  may be worth attempting i t s  recovery. ' ,i i . + 

A cont inuing survey f o r  new Earth-approaching asteroids w i l l  undoubtedly y i e l d  more ' 1  , 

! 1 

promising candidates f o r  sample re tu rn  missions. A few percent o f  the h r s  and the . !  : 
Apollos probably have s t i l l  lower f igures o f  writ than Anteros, and would be especia l ly  . . favorable f o r  sample re tu rn  missions. An aggressive campaign t o  f i n d  these objects and , . )  , 
determine t h e i r  compositional c l ass i f i ca t i on  and also t o  i d e n t i f y  more possible ex t i r l c t  t 

' 1 

comets should be carr ied out  as 3 prelude t o  a mu l t i p l e  astero id  sample re tu rn  program. b ,  ' 

. 'i ' 
MANNED MISSIONS 

The discovery o f  1976AA (a = 0.97, e = 0.18, i = 19") indicates tha t  a few asteroids 
ex i s t  which are very close neighbors o f  the Earth (Hel in  and Shoemaker, 1977). Asteroid 
o r b i t s  w i t h  a near 1 and low e an3 i have the charac te r i s t i c  t ha t  very low A V  spacecraft 
t ra jec to r ies  t o  rendezvous and f o r  Earth re tu rn  can be accomplished i n  r e l a t i v e l y  shor t  
periods o f  t ime-- typ ica l ly  e i t he r  s i x  months o r  a year, f o r  a round- t r ip  mission. The , .  

discovery o f  a very near-Earth asteroid raises the poss ib i l  i t y  o f  manned explorat ion u t i -  
, , 

l i z i n j  the capab i l i t y  o f  the Space Shut t le  t o  carry  manned spacecraft and the necessary . , , . 
propulsion systems i n t o  Earth o r b i t .  A1 though 1976AA i s  a close companion o f  the Earth i n  , ' t  ' i  

space, i t s  moderately high o r b i t a l  i n c l i na t i on  makes i t  less easy t o  reach than many other 
Earth-crossing astercids and many Amors. Nevertheless, for  shor t  durat ion round-trips, 
1976AA i s  one o f  the three easiest targets f o r  exp lorat ion and, i n  many respects, i s  the 
best known candidate f o r  a shor t  mission. 

Low A V  short  durat ion t r a j ec to r i es  are achieved by rendezvous a t  pe r ihe l ion  f o r  Amors 
and f o r  a l l  known Apollos and a t  aphelion f o r  known 1976AA-type asteroids. 1,) computa- 
t ions o f  the f i gu re  o f  mer i t  f o r  rendezvous a t  pe r ihe l ion  o f  Amor asteroids, the perihe- 
l i o n  o f  the spacecraft t rans fe r  o r b i t  i s  taken as tangent w i th  the Earth 's o r b i t  a t  pe r i -  ' 1  I ! .  
helion, and tangent w i t h  the astero id  o r b i t  a t  aphelion. Launch impulse. U . i s  obtained 1 
from Equation (2) ,  and the per ihe l ion  distance. q, i s  subst i tu ted f o r  Q i n  kauation ( 3 ) .  

I 

' .  
, , 

4 I 

(12) .; , 
' . 

. I ' I  
I 

Rendezvous impulse, UR, i s  given by 

\ 

i 
I 
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1 

3 2 where U: = ; - - (14)  

and = 3 -  1 -  2 7 a ( 1 - ~ 2 )  cos U: o a q q  (15) 

For Apollo asteroids, the spacecraft t rans fe r  o r b i t  i s  taken as tangent w i t h  the astero id  
o r b i t  a t  per ihel ion, and the semimajor ax is  o f  the Jransfer o r b i t  i s  held a t  1 AU. Launch 
impulse i s ,  again, obtained from Equation (2) but  Ut i s  now given by 

U i  = 2 -  2 d Z i 7 p c o s $  (16) 

Rendezvous impulse i s  computed by Equation ( 4 ) .  

2 = 3 -  1 --&? Ut q q 

and U; i s  obtained from Equation (15). 

Cumulative frequency d i s t r i bu t i ons  of F are shown for  Amors i n  Figure 4 and for  
Apollos i n  Figure 5. The approximate minimum AV from low Earth o r b i t  t o  rendezvous a t  
per ihe l ion w i t h  Amors and Apollos i s  approximately 50% higher than the minimum AU t o  ren- 
dezvous a t  aphelion w i t h  these asteroids. Veloc i t ies  of known Amors and Apollos are much 

- higher a t  per ihel ion, and the rendezvous impulses are correspondingly higher. For the 
best candidates f o r  shor t  durat ion missions among the asteroids discovered so far ,  the 
minimum AVS t o  rendezvous are about 9 km/sec (Table 1 ). The approximate aV t o  rendezvous 
w i th  1959LM i s  8.1 kmlsec, but, because t h i s  astero id  has a poorly determined o r b i t  and i s  
los t ,  i t  i s  not l i s t e d  i n  Table 1. 

Table 1. Best Known Candidate Asteroids f o r  Short Duration, Low AU 
Missions 

Approximate 

Asteroid Orb i ta l  Type F Minimum AV t o  Rendezvous 
(kmlsec ) 

-- 

Anteros Amor 0.27 8.7 

1976AA 1976AA 0.27 8.7 

1977HB Apol 1 o 0.28 8.9 

Eros Amo r 0.29 9.2 

Geograpt ,~~ Apol 1 o 0.29 9.3 

1976UA 1 976AA 0.31 9.7 

Toro Apol l o  0.31 9.7 

1977UA Amor 0.31 9.8 
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The two lowest A V  as tero ids  i n  Table 1 are Anteros and 1976AA. Niehoff (1977) has 
i nves t i ga ted  round- t r i p  missions t o  these as tero ids  f o r  favorab le  oppor tun i t i es .  Round- 
t r i p  b a l l i s t i c  missions o f  365 days dura t ion ,  a l l ow ing  f o r  30 days s tay  t ime a t  each of  
the  as tero ids ,  can be achieved w i t h  AVs t o  rendezvous o f  9.2 km/sec f o r  Anteros and 
9.1 km/sec f o r  1976AA. A six-month du ra t i on  mission t o  1976AA would requ i re  more than a 
20% increase i n  the  energy requirements. N iehof f  estimates t h a t  28 S h u t t l e  launches would 1 , . , 
be needed f o r  a manned mission t o  1976AA and 34 Shu t t l e  launches f o r  t he  miss ion t o  Anteros. 
The requirement fo r  Shu t t l e  launches could be reduced t o  23 f o r  the  miss ion t o  Anteros, if 
the s tay  t ime were reduced t o  10 days. 

Whether 23 o r  28 Shu t t l e  launches i s  an acceptable cos t  f o r  a inanned mission t o  an , ' 
1 ;  

a s te ro id  depends on the p r i o r i t y  and na t i ona l  s ign i f i cance  t h a t  i s  at tached t o  such a mis- 
I' 

sion. These missions could a l m s t  c e r t a i n l y  be accomplished by assembly of  spacecraf t  and \ i ,  
propu ls ion modules t ransported t o  Earth o r b i t  by the Shu t t l e  and by fue l i ng  i n  o r b i t .  Sig- 
n i f i c a n t  improvements i n  cos t  probably cou ld  be achieved by means of  more soph is t ica ted 

I ~ s t ra teg ies  than s imple b a l l i s t i c  missions. For example, fue led propu ls ion modules fo r  the - , 

departure impulse from the as te ro id  might be de l i ve red  t o  the as te ro id  ahead of  t ime by un- . 
manned spacecraf t ,  u t i  1 i z i n g  e i t h e r  conventional o r  low- thrus t  propu ls ion systems. The 
most economical a t tack  on reducing the number o f  Shu t t l e  launches required,  however, would 
be t o  search f o r  as tero ids  w i t h  nmre favorable o r b i t s  and f i gu res  of  m e r i t  than have been 
found t o  date. 

Extremely low A V  Anor as tero ids  nlay e x i s t .  as a consequence of  two d i f f e r e n t  dynamical 1 
circumstances. F i r s t ,  i t  i s  poss ib le  t h a t  some small p lanetesimals have remained i n  the 
space between the o r b i t s  o f  Ear th  and Mars f r o m  the t ime o f  p laqetary  accre t ion .  Provided ! 
t h a t  the  maximum aphel ia o f  such ob jec ts  are somewhat less than the  minimum p e r i h e l i o n  o f  , I 

Mars, 1.309 AU, and t h a t  the  minimum p e r i h e l i a  o f  these planetesinlals i s  somewhat g rea te r  
than the maximuni aphel ion of the Earth, 1.067 AU. they have i n d r ? f i n i t e l y  long 1 i fetimes. ! ?  

Taking account of  the  forced osci  1 l a t i o n s  of  e c c e n t r i c i t y ,  produced mainly by Jup i te r ,  the 
range o f  semimajor axes f o r  ob jec ts  tha t  are safe from c o l l i s i o n  w i t h  Earth o r  Mars i s  
1.15 t o  1.21 AU (see Fr iedlander et d l . ,  1977). For tliese ob jec ts  t o  be s tab le  aga ins t  .. 
p lanetary encounters, they must a l so  have very small proper e c c e n t r i c i  t y  . Fragmentation ' ,$ 
l i f e t i m e s  f o r  bodies 100 m i n  diameter and l a r g e r  i n  o r b i t s  o f  t h i s  type are  g rea te r  than - 8 

the  age o f  the  s o l a r  system. a t  the present f l u x  o f  i n te rp lane ta ry  n la te r i a l .  The f a c t  
I :  

I : 
i i .  

t h a t  no ob jec ts  o f  very low e c c e n t r i c i t y  have been obsorved i n  t h i s  reg ion between Ear th  
, I -: 

and Mars may ind i ca te  tha t  Mars migrated outward du r ing  accre t ion .  Presumably. most of  
them were swept up by Mars o r  the Earth o r  reduced t o  f i n e  debr is  by c o l l i s i o n s  dur ing the 
per iod o f  h igh  bombardment. There i s  no theo re t i ca l  bas); a t  present, however. f o r  con- 
c l  uding tha t  these processes completely removed a1 1 small bodies. 

Seconoly, extremely low A V  Anmrs can be i n jec ted  i n t o  o r b i t s  w i t h  aphel ia equal t o  o r  
somewhat greater  than 1.309 AU by c lose encouilters w i t h  Mars, dur ing the extrema of  o s c i l -  
l a t i o n  o f  Mars' e c c e n t r i c i t y .  The p r o b a b i l i t y  o f  t h i s  happening i s  low. bu t  so long as . - 
the  p e r i h e l i a  o f  the  Annrs 1 i e  somewhat outs ide o f  1.067 AU, such ob jec ts  would have very 
long l i f e t imes .  The f i g u r e  o f  m e r i t  o f  an Amor w i t h  an aphel ion j u s t  a t  1.309 AU and 
p e r i h e l i o n  a i  1.067 AU and w i t h  0" i n c l i n a t i o n  i s  0.15, which i s  equ iva lent  t o  a minimum 
A V  t o  rendezvous a t  p e r i h e l i o n  o f  about 4.9 km/sec. This i s  shown as the minimum "expect- 
able" F on F i g w e  4. A few percent o f  the Arnors are  expected t o  have f i gu res  o f  m e r i t  f o r  
rendezvous a t  p e r i h e l i o n  between 0.15 and C.27, corresponding to  A V S  between 4.9 and 
8.7 km/sec. . I  

Two mechanisnls may produce extremely low A V  Earth-crossing as te ro ids :  ( 1 )  i n j e c t i o n  , 9 

o f  very low AV Amrs  i n t o  Earth-crossing o r b i t s  by encounter w i t h  Mars, and ( 2 )  reduct ion  
of  A V  c f  Earth-crossers by mu!t iple encounters w i t h  Earth and Venus. I n  the f i r s t  case, 
the  l i m i t i n g  f i g u r e  o f  mer i t  i s  0.15. as given above fo r  Amors. I n  the second case, the  
l i m i t i n g  F i s  found f o r  a body tha t  j u s t  crosses the o r b i t  of  Venus, a t  the maximum Q o f  1 , * :  Venus, 0.777 AU, and the o r b i t  o f  the Earth a t  minimum q o f  the Earth, 0.933 AU. For ren- 

! 

dezvous near the Earth, a t  aphel ion o f  the  a$ te ro id ,  the f i g u r e  o f  m e r i t  would by 0.18, "3 
corresponding t o  a minimum A V  t o  rendezvous from low Earth o r b i t  o f  about 5.8 km/sec. 

! ; 

: I ** 
.! 8 . 
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Minimum encounter v e l o c i t i e s  a t  the  Earth 's sphere of  inf luence fo r  very low AV t i s tero ids  
der ived e i t h e r  from Amors o r  from Venus-crossers would be 1.9 km/sec. M u l t i p l e  encounters 
w i t h  the Earth would be expected t o  shu f f l e  the o r b i t a l  elements, wh i l e  the encounter ve- 
l o c i t y  tends t o  be conserved. Changes i n  e and a would be exchanged f o r  changes i n  i, f o r  
example, so t h a t  some of  these bodies would tend t o  become exc lus i ve l y  Earth-crossing, l i k e  
1976AA. It might be supposed t h a t  encounters w i t h  the Earth could f u r t h e r  reduce the  A V  
t o  rendezvous. While t h i s  i s  phys i ca l l y  possible,  i t  i s  s t a t i s t i c a l l y  more l i k e l y  t h a t  
the AV w i l l  be increased by such encounters. From the  cumulative frequency d i s t r i b u t i o n  
of F fo r  Apol los (Figure 5). a few percent o f  the  Earth-crossers are  expected t o  have f i g -  
ures o f  m e r i t  between 0.1 5 and 0.25 corresponding t o  approximate AVS of  4.9-8 km/sec. Both 

I 

"cometary" and "as te ro ida l "  ob jec ts  should be present i n  t h i s  group o f  Earth-crossers. . , 
i i 

F i n a l l y ,  there  a re  two poss ib le  dynamical c lasses of  near-Earth ob jec ts ,  representa- 
t i v e s  of  which have n o t  so f a r  been discovered. Weissman and Wethe r i l l  (1974) have shown 
t h a t  subs tan t i a l  regions o f  s t a b i l i t y  i n  o r b i t a l  element phase space e x i s t  f o r  ob jec ts  i n  ! ,  
1 : l  resonance w i t h  the Earth. These regions are analogous t o  the s tab le  Lq and L 5  l i b r a -  
t i o n  regions on J u p i t e r ' s  o r b i t ,  which are occupied by the Trojan as tero ids .  Gehrels 
(1977) has made a pre l iminary  search o f  the  l i b r a t i o n  regions on the o r b i t  o f  the Earth 
w i thou t  success. Another region o f  s tab le  o r b i t ,  f o r  ob jec ts  of low e c c e n t r i c i t y ,  l i e s  
between Venus and Earth. This region has never been d e l i b e r a t e l y  invest iga ted.  As both 
the l i b r a t i o n  regions on the o r b i t  o f  the Earth and the reg ion o f  s tab le  o r b i t s  between 1 ,ii 
Venus and Ear th  a re  more than 90" from opposi t ion,  they a re  very r a r e l y  examined fo r  as- 
te ro ids .  We p lan  t o  begin such a search i n  1978. Trojans o f  the Earth would represent 
the u l t i m a t e  low AV as tero ids .  As the most s tab le  ob jec ts ,  on " tadpole" o r b i t s ,  can never 
approach the Earth more c lose l y  than 4 . 4  AU, however, they would be less  accessible on I 

I I 

shor t  du ra t i on  missions than low AV Amors and Earth-crossers. 
t 

I 

Parametric s tud ies  o f  t r a n s f e r  t r a j e c t o r i e s  i n  r lear-Earth space by Niehof f  (1977) 
show t h a t  impulse requirements f o r  round- t r i p  missions scale almost 1 i n e a r l y  w i t h  i n c l  ina-  
t i o n  o f  the ta rge t  as te ro id  f o r  i below 20". A 100"uncrease i n  energy i s  requ i red fo r  
every 6-7' increase i n  i n c l i n a t i o n .  For an as te ro id  w i t h  a and e comparable t o  1976AA. 

bout 10 Shu t t l e  launches would be requ i red f o r  a manned mission, if the i n c l i n a t i o n  were 
O ,  and about seven S h u t t l e  launches i f  the i n c l i n a t i o n  were reduced t o  5". Encounter ' 1  i 
e l o c i t y  a t  t he  Ear th 's  sphere o f  i n f l uence  f o r  such an as te ro id  w i t h  i = 5" would be 8 

. 2  km/sec, more than tw ice the  minimum v e l o c i t y  f o r  Earth-crossers given above. The d i s -  
overy o f  ob jec ts  which cou ld  be reached by manned missions using 7-10 Shu t t l e  launches, 

I 

herefore, appears e n t i r e l y  poss ib le .  Very roughly, about l h f  the Amors and 1': of the 
ar th-cross ing as tero ids  may f a l l  i n  t h i s  cateqory. There may be a t o t a l  of 10-20 Earth- 
pproaching as tero ids  t o  absolute v isua l  magnitude 18 (diameters i n  the range o f  3.7-1.5 km) 

I \ 
, '  

w i t h  encounter v e l o c i t i e s  o f  4-5 kmlsec o r  less  and many more smal ler  bodies. An in ten-  , , 
: s i v e  search f o r  Earth-approaching as tero ids  w i l l  be needed t o  f i n d  these bodies. A t  the 

I 

present r a t e  o f  d iscovery o f  Earth-appt-oaching as tero ids  of 4-5 per year, i t  might take 
25-50 years t o  f i n d  the  f i r s t  one. The r a t e  o f  d iscovery w i  11 need t o  be increased by a 
f a c t o r  o f  a t  l e a s t  f i v e  t o  achieve a reasorlably h igh p r o b a b i l i t y  o f  d iscover ing,  w i t h i n  
the next  decade, an as te ro id  which could be reached w i t h  a simple b a l l i s t i c  manned mission 
u t i l i z i n g  7-10 S h u t t l e  launches. 

The s c i e n t i f i c  ob jec t i ves  o f  a manned mission would be simi:ar t o  those of  the  un- 
manned missions. Proper ly t ra ined  actronauts,  however, would b r i n g  t o  the task o f  explc-  
r a t i o n  an enormous advantage i n  maneuverabi l i ty  and d e x t e r i t y  on the surface of the as te r -  
o id,  w i t h  the at tendant advantages f o r  c lose s c i e n t i f i c  e x i n i n a t i o n  o f  the surface and 
f l e x i b i l i t y  i n  samplinc They would be ab le  t o  solve d e t a i l s  o f  the s t r u c t u r e  of  the  I 

as te ro id  t h a t  would be very d i f f i c u l t  t o  ob ta in  by unmanned spacecraft and t o  sample 
accordingly.  I t  i s  the s t r u c t u r e  o f  the body, w i t h  a l l  t h a t  t h i s  term impl ies  f o r  dec i -  1 \ .  
pherable h i s t o i y ,  or, i n  o the r  words, the  geology of  the as tero id .  which cons t i t u tes  the \ 

pr imary goal o f  d i r e c t  exp lora t ion .  I t  i s  a task made t o  order f o r  as t ronau t -sc ien t i s t s .  ) 1 :  
I 
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$ 1  , - 
While the task of  exp lo ra t i on  of Earth-approaching as tero ids  i s  h i g h l y  appropr ia te  

f o r  manned missions, we do n o t  suggest t h a t  such missions would be undertaken f o r  scien- 
t i f i c  goals alone. Earth-approaching as tero ids  c o n s t i t u t e  the next  nearest worlds i n  
space, beyond the Moon, t h a t  can be v i s i t e d  by man. Missions t o  these ob jec ts  represent 
the most r e a d i l y  achievable s tep i n  an o rde r l y  development o f  manned space exp lora t ion .  I '  
The value of  such missions must be judged i n  the contex t  o f  t he  l a r g e r  goal o f  extending I 

man's c a p a b i l i t i e s  i n  space and i n  extending the f r o n t i e r  o f  exp lora t ion .  j ( 
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GENERAL D I S C U S S I O N  ON S E S S I O N  1 1 1  
:, , '  
- .  .. , 

MORRISON: Our top i c  f o r  t h i s  d iscuss ion i s  the  fu tu re  e x p l o r a t i o n  o f  t he  as tero ids .  We . . 
should p a r t i c u l a r l y  ccnsider t he  fu tu re  o f  Earth-based s tud ies ,  and the i n t e r r e l a t i o n  ' ! 
o f  these w i t h  mission plans f o r  perhaps a  decade from now. I ,  

CHAPMAN: For a  s t a r t ,  I would l i k e  t o  emphasize the importance o f  l abo ra to ry  and theore t -  
i c a l  s tud ies .  Lack o f  such i n fom ia t i on  ! imi  t s  our d b i l i  t y  t o  i n t e r p r e t  the observa- , . 
t i o n s  we now have; f o r  example, we r e a l l y  d o n ' t  know what the sur face o f  a  m e t a l l l c  
a s t e r o i d  i n  space should look l i k e .  . ) 

ANDERS: We argued yesterday about the i n t e r p r e t a t i o n  o f  the S astero ids ,  whether they are  
s tony- i rons  o r  chondri tes, and the c r u c i a l  d i f fe rence i s  the abundance o f  metal on the  
surfaces of the bodies. The quest ion  i s ,  then, what a re  the e f f e c t s  o f  space weather- 

- i ;  
i n g  i n  low g? What does the sur face look 1 i k e  a f t e r  bombardment by dus t  p a r t i c l e s  and 
the  s o l a r  wind? Comerford reported i n  the mid-1960's t h a t  when a  chond r i t e  i s  born- . ., 
barded wi t h  dus t  p a r t i c l e s ,  t he  s i l i c a t e s  erode p r e f e r e n t i a l l y  whereas the nletal merely 
flows p l a s t i c a l l y  so t h a t  even tua l l y  the nletal stands o u t  from the surface. How does . . 
t h i s  compare w i t h  the a s t e r o i d  measurements? 

T , ,  
HcCORD: And even more fundamental i s  the study o f  the o p t i c a l  p rope r t i es  o f  metdl . We ? . .  : . 

don ' t  know fo r  sure how much metal the  spectra i nd i ca te .  i '  VEVERKA: I t  i s  essen t i a l  t o  understand the  o p t i c a l  p rope r t i es  o f  a s t e r o i d  r e g o l i t h s  both  1 

i n  terms o f  the o p t i c a l  constants o f  the cons t i t uen t  minerals as we1 1  as i n  terms o f  
the tex tures  involved.  I n  my op in ion  t h a t  i s  more important  a t  the present t ime than 
g e t t i n g  100 more spec t ra l  r e f l ec tance  curves. i 

ANDERS: We r e a l l y  nerd t o  understand as te ro id  reg01 i ths.  Before Apol lo,  there  was con- j 
s i de rab le  t a l k  about what the lunar  sur face looked l i k e  and there  were papers debcr ib -  , . !  . , ' 
i n g  e l e c t r o s t a t i c  e f f e c t s ,  e t c .  These e f f e c t s  seem t o  be small on the Moon, bu t  

; j !  probably a re  q u i t e  a  b i t  l a r g e r  on the s l l ~ l l e r  as tero ids .  There a l z n  was considerable 
t a l k  about the t ranspor t  o f  dus t  from the highlands t o  the maria 01- v i c e  versa. This 
doesn ' t  semi t o  be very important  on the Moon, because mare-highland boundaries a re  
very sharp even a f t e r  several b i l l  i o n  years o f  bon!Sardnient. To what ex ten t  cou ld  

> ; 
labora to ry  programs i nves t i ga te  these quest ions! 

FANALE: I would 1  i k e  t o  ur~derstand theore t  ,tally what water has o r  has n o t  done t o  as te r -  : / .  
o i d  surfaces. We need t o  know where i t  canle from, how i t  nloved through the parent  t i  
bodies. and when i t  escaped. if i t  has done tha t .  ! i : :  

ARNOLD: With a1 1  respect  t o  the  l a s t  couple o f  conments about reg01 i t h  theory and water. 1 ' )  I th ink  these th ings  a re  nluch eas ie r  t o  understand a f t e r  a  mission than before. Close- 
up p i c t u r e s  w i l l  make a  tremendous d i f fe rence.  R ight  now. f o r  example. i t  ni ight be 
very reasonable t o  discuss the r e g o l i t h s  o f  Phobos and Deirnos; however, I would be 
q u i t e  skep t i ca l  about a  t heo re t i ca l  progranl o f  such s tud ies  before  the p i c tu res  were 
ava i l ab le .  I would l i k e  t o  p o i n t  ou t  s o n ~ t h i n g  tha t  I feel  i s  important  bu t  which i s  1 ; \  

1 ' .  

be ing done by one person. Rrownlee i s  look ing again a t  a  100 year o l d  subject .  nainely 1 
deep sea spherules. I t  has been known since 1,476 o r  thereabouts t ha t  there  a r e  me- . 
t e o r i t i c  spherules i n  the  cores a t  the hotton1 o f  the ocean. They are  cal l ing not  o n l y  
from meteor i tes t h a t  a re  i n  the co l  lec t i ons .  bu t  frorti nleteori tes t ha t  never reached 
the  c o l l e c t  ions because they hurned o u t  h igh  up. Soltie people 1 i ke nlysel f have been 
s t i ~ i ru la ted  t o  j o i n  hini. I f  these arguments o f  Ceplechd and McCrosky, and now 
Wethe r i l l ,  a r e n ' t  co r rec t ,  t h i s  work can show they Jt'e wrong. 

MORRISON: The thermal h i s t o r y  d i f f e rences  anlong ob jec ts  o f  sinti l a r  s i z e  and sirrli l a r  loca- I ,  

t i o n  i n  the b e l t  has been po in ted out  i n  the  past  3s one o f  the b i g  nlystteries o f  the 
as tero ids .  The program o f  t h i s  workshop i s  sirch tha t  we have not  discussed t h i s  prob- 
lem. People a re  doing t h e o r e t i c a l  and labora tory  work on poss ib le  s e l e c t i v e  heat ina I 
mechanisnis t o  produce a  t h e r n ~ l  l y  evolved Vesta and 3 r e l a t i v e l y  unevolved Ceres. 
Does anyone have some f u r t h e r  i npu t  on the progress t h a t  i s  being made i n  t h a t  area? 

I ; I , ,  
MATSON: I t h i n k  t o  some ex tent  t h a t  work has been su f fe r i ng ;  few proposals a re  funded. ! , 1 

I th ink  one o f  the serv ices t h i s  workshop can prov ide i s  t o  say tha t  a l though there  
I 

have been a  l o t  o f  thermal inodels, the p o s s i b i l i t i e s  have no t  been exhausted. 1 )  
I ' 

i 
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' 1'; I: 
WETHERILL: I t h i n k  computing thermal models i s  r e l a t i v e l y  t r i v i a l .  But i f  there  were I c iz? 17 1 

I 
some way t o  r e a l l y  understand the  r o l e  of  t he  aluminum-26 o r  o the r  e a r l y  heat sources, !,.:.vl :; 
t h a t  would be an important  th ing.  .... '; . , .* *, * -1 

CHAPMAN: I would l i k e  t o  address the quest ion o f  how f a r  we are  l i k e l y  t o  ge t  w i t h  I . . , , . , I  . 1 + ; 5 

ground-based research i n  the next  few years. I t h i n k  t h a t  s c i e n t i s t s  a r e  capable o f  1 .,:, .I , , . . 
s t a t i n g  answers t o  any quest ion t h a t  i s  asked. The problem i s  whether those answers I ,'., 
a re  be l ievab le .  I t h i n k  we b a s i c a l l y  couldnl t be l i eve  any answer concerning the  
phys ica l  nature  o f  the  as tero ids  a few years ago, and now I t h i n k  we havo considerable 
confidence i n  answers t o  a few very spec i f i c  questions about as tero ids .  With t h i s  base, 
we can a l so  go on t o  address specu la t ive  answers t o  a whole host  o f  new problems. I 

r ;  ;: 
don ' t  t h i n k  we can have very great  confidence i n  those specu la t ive  answers today bu t  i f  1 : :  I 
we can augment the data i n  the f u t u r e  by a "actor o f  ten, we may be ab le  to .  Can we 
associate p a r t i c u l a r  meteor i te  c lasses w i t h  p a r t i c u l a r  as tero ids  o r  p a r t i c u l a r  as ter -  ! 
o i d  fami l ies? That 's  a spec i f i c  question. I t h i n k  we can c l e a r l y  associate, w i t h  a 1 :t i 
h igh  p r o b a b i l i t y  o f  being r i g h t ,  c e r t a i n  metecr i  t e  c lasses w i t h  c e r t a i n  as te ro id  , . - I . '  

ctassee. But on l y  very specu la t ive  papers have been addressed t o  assoc ia t ing  pa r t i cu -  . : , 

l a r  meteor i te  c lasses w i t h  p a r t i c u l a r  bodies. There a re  a couple o f  papers about I , 

Vesta. One was w r i t t e n  regarding the  Farmington meteor i te .  I d o n ' t  t h i n k  we w i l l  , . , I 
1 1 ,  

have conf ident answers based on the  ground-based work even i n  the  next  decade. I 
don ' t  persona l ly  have cmf idence t h a t  t ? i s  quest ion w i l l  be answered and t h a t  the very I '  

skep t i ca l  people a re  going t o  say yes, we know f o r  sure those meteor i tes a re  coming . 
from t h a t  as tero id .  i: i f !  

ANDERS: Maybe t o  focus the d iscuss ion we s h o ~ l d  take the  case of  Vesta. Every speaker has . 
. , . . 

mentioned i t  as being the as te ro id  w i t h  the most c h a r a c t e r i s t i c  spectrum. I t  was' the 
f i r s t  one t o  be matched up w i t h  a s p e c i f i c  me teo r i t e  c lass .  A number o f  papers have , '  
been w r i t t e n  i n  the l a s t  year o r  two t r y i n g  t o  i n t e r p r e t  Vesta as the p a r ~ n t  body o f  I 

euc r i t es  and howardites; a p a r t i c u l a r l y  i n t e r e s t i n g  example i s  t h a t  by G. J. Consol- 
, 

magno and M. J. Drake (~eochim. Cosmochim. Actu 41, 1271-1282, 1977). The pet ro logy f ,: 
of the  euc r i t es  has been very we l l  worked ou t  by Stolper,  which i n  t u r n  has l e d  t o  _ I  ' ; 
d e t a i l e d  composit ional models o f  Vesta. But there  are  dynamical arguments aga ins t  , , 

g e t t i n g  the  howardi t es  from Vesta. Perhaps we have not  looked hard enough a t  some 
far -out  dynamical p o s s i b i l i t i e s .  Now I wonder what work i s  requ i red i n  order t o  de- ' ,  8 .  

c i d e  conc lus ive ly  whether o r  not  euc r i t es  and howardites are l i k e l y  t o  come from , , t 1  

Vesta o r  whether we are  going t o  have t o  look fo r  another source? 1 
WETHERILL: It i s  very hard t o  delnonstrate t h a t  you have thought of a l l  the  th ings t h z t  1 : 1 .  

can be thought o f .  I am hopeful t h a t  as more people concentrate an a t tack  on t h i s  ' t 
i '  

s o r t  o f  dynamical problem, we w i l l  exhaust the  p o s s i b i l i t i e s  more thac we already 1 , I  . :  
have. With regard t o  Vesta there  may very we l l  be mechanisms discovered which w i l l  I ,  

b r i n g  some quan t i t y  o f  mater ia l  from Vesta i n t o  the inner  so la r  system. However, 
o ther  s i l i c a t e  as tero ids  t h a t  are  adjacent t o  the v6 resonance, e tc . ,  a re  a l so  notcn- t 
t i a l  sources o f  meteor i tes.  I t h i n k  i t  ~ o u l d  be very s u r p r i s i n g  if some seler ,ive I I 

mechanism were found fo r  Vesta which i s  enormously more e f f i c i e n t  than these o thers .  i .; . , 
I don ' t  see how we can ge t  more ma te r ia l  from Vesta w i thout  g e t t i n g  a l o t  more from 
these o ther  as tero ids ,  too. 

l 

ANDERS: Let  me take the  pess imis t ic  poss ib i  1 i t y  f i r s t .  Suppose a f t e r  several years o f  . , , 

hard work by you and others,  there i s  no known way t o  ge t  meteor i tes from Vesta t o  # e  
, , 

Earth. Suppose the argument o f  Consolmagno and Drake s t i l l  holds, t h a t  f o r  every 
eucr i te-howardi te,  there  should be a t  l e a s t  ten  times as much of t he  complementary 
u l t ramaf i c  d i f f e r e n t i a t e ,  and s ince such meteor i tes do not  f a l l  i n  numbers exceeding , I .. 
those of eucr i  tes, t he  parent body i s  no t  y e t  broken up; we are j u s t  seeing b i t s  and I I 

pieces spa l led  o f f  t he  surface. Suppose we have nothing bu t  t h a t  argument hnd we are 
s t i l l  very eager t o  l e a r n  something about Vesta, so a mission i s  launched t o  Vesta. i 
What k ind o f  measuremetits are  needed and what k ind  o f  evidence i s  needed before we 

' I 
can say yes, Vesta i s  the  pdrent body o f  euc r i t es ,  o r  no, i t  i s  no t?  . , 

FANALE: i f  you inc lude a hard lander w i t h  i t s  a lpha-scat ter  instrument on the surface, 
the  completeness o f  your chemical ana lys is  i s  going t o  be much greater  than w i t h  on l y  
o r b i t a l  g a m - r a y  and x-ray r e s u l t s .  I t h i n k  t h a t  w i t h  the g loba l  chemical informa- 

1 : 
t i o n  from o r b i t  and the chemical analyses from the hard lander,  you would be able t o  1 : ,  
go a long way. , , I  

1 .  - .  
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ANDERS: Suppose the chemical ana lys is  t h a t  has been sent back i s  a p e r f e c t  match t o  the 
euc r i  tes. How do I know even then t h a t  there wasn' t a tw in  t o  Vesta t h a t  broke up 
and i s  a c t u a l l y  t he  source of  euc r i t es?  And t h a t  t w i n  might be s i g n i f i c a n t l y  d i f f e r -  
e n t  i n  sane important  ways. It cou ld  be o lder ,  i t  cou ld  be younger, o r  i t  could have 
a d i f f e r e n t  h i s t o r y .  So I s t i l l  would n o t  be j u s t i f i e d  i n  concluding t h a t  euc r i t es  
came from Vesta, j u s t  because o f  a chemical ana lys is .  

FANALE: I t h i n k  what the euc r i  tes are t e l l i n g  us i s  t h a t  there are ob jec ts  l i k e  Vesta 
which when s tud ied as global  e n t i t i e s  could p lace severe cons t ra in t s  on the e a r l y  
thermal h i s t o r y  of p lanetary  objects.  Whether the euc r i t es  came from Vesta i s  an 
important, b u t  separate quest ion.  

ARNOLD: I t  i s  an important  quest ion because such knowledge would a1 low you t o  take mete- 
o r i t e s  you have, on which you can do these b e a u t i f u l l y  d e t a i l e d  measurements, and know 
exac t l y  where i n  the s o l a r  system they came from. 

FANALE: I agree. i t  i s  importdnt, But there  i s  a separate quest ion about. look ing a t  the  
e a r l y  chronological  h i s t o r y  of p lanetary  ob jec ts .  Almost sure ly  Vesta went through 
the same h i s t o r y  t h a t  produced others.  But we don' t know what i t  means because we 
haven' t  s tud ied Vesta as a global  e n t i t y ,  so we don ' t  know what an e n t i r e  parent body 
looks l i k e .  We should look fo r  th ings which may be present on the surface t h a t  w i l l  
i n d i c a t e  something about Vesta's d i f f e r e n t i a t i o n  chronology and the  magniatic path  t h a t  
was f o l l  owed. 

ARNOLD: I have a l i t t l e  s to ry  I would l i k e  t o  t e l l .  I sa t  i n  another room, about t h i s  
s i z e  and w i t h  about t h i s  number of  equa l ly  d i s t i ngu ished  people, when we were t r y i n a  t o  
s e l e c t  t he  proposals f o r  the  f i r s t  l u n a r  sample ana lys is .  We weren' t  ab le  t o  keep a t  
i t  a1 1 the  time. and people i n s i s t e d  on t a l k i n g  science occas iona l ly .  One of  the  d i s -  
cussions involved an argument over whether t e k t i t e s  came from the Moon o r  whether chon- 
d r i t e s  came from the Moon. I was chairman t r y i n g  t o  ge t  them back t o  work. To ge t  
around t h i s  argument, I said :  "Perhaps t h i s  a t  l e a s t  i s  a p ropos i t i on  we can a l l  
agree on: when we ge t  samples from the Moon we w i l l  recognize some o f  them." And 
every head i n  the room went up and down. Back t o  work, and y e t  t h i s  was t o t a l l y  
wrong. So you can understand why I keep reemphasizing the p o i n t  t h a t  you have go t  t o  
go and see. When we can survey the as tero ids  w i t h  the k ind  of payload Fanaie de- 
scr ibes.  we w i l l  know as much about these ob jec ts  as we know about the Moon from Earth 
observations and from lunar  o r b i  t a l  measurements. I n  add i t i on ,  however, we know more 
dbout the Moon as an ob jec t  because we have the l una r  samples, and they have g iven us 
an e n o m u s  amount o f  in format ion.  This combination o f  g lobal  remote sensing coverage, 
some chemistry, and some detai!ed mineralogy i s  c e r t a i n l y  no t  answering a1 1 quest ions.  
But many o f  the  questions on Fandle's l i s t  should be addressable. If you imagine 
something l i k e  several volumes f u l l  o f  h ign qua1 i t y  papers about the as tc ro ids  v i s i t e d  
on a m i s s i ~ ~ l ,  I t h i n k  you have an approximate est imate of the informat ion you w i l l  

L e t  nle suggest an analogy, a1 though i t  may be dangerous. I am sure we would 
a1 1 agree t h a t  l e a r v i n g  whether meteor i tes come from p a r t i c u l d r  as te ro id  pal c n t  bodies 
i s  extremely important .  This i s  ra the r  l i k e  going t o  Mars t o  f i n d  l i f e  there. I t  i s  
extremely important, b u t  no one would say t h a t  no t  ob ta in ing  a d e f i n i t i v e  answer means 
we have not  learned usefu l  th ings about Mars. I n  add i t ion ,  I th ink  our l eve l  of  know- 
ledge o f  the as tero ids  i s  so low t h a t  we could work ourselves i n t o  a dangerous corner.  
We should say t h a t  a mission i s  des i rab le  because as tero ids  are i n t r i n s i c a l l y  i n t e r -  
e s t i n g  ob jec ts  and not  because we wi  11 get  answers t o  s p e c i f i c  Questions A. B and C. 

ANDERS: I be l i eve  i n  serend ip i ty ,  bu t  t o  j u s t i f y  a mission t o  the as tero ids  we need t o  do 
more than say " l e t ' s  see what we discover."  Asteroids are unique i n  more than one way. 
One o f  t he  unique features i s  t h a t  they are  less  evolved geo log i ca l l y  than p lanets .  
Another i s  t h a t  we have mater ia ls ,  the  meteor i tes,  t h a t  e i t h e r  have come from as te r -  
o ids  o r  are b a s i c a l l y  s i m i l a r  t o  as tero ids .  So we should c a r e f u l l y  decide what ques- 
t i ons  we should ask t h a t  would j u s t i f y  a mission t o  asteroids,  and s t i l l  a l l ow  f o r  a 
b i t  of  se rend ip i t y .  

FANALE: My p o i n t  o f  view i s  t h a t  i t ' s  necessary t o  e s t a b l i s h  key questions which are  im- 
po r tan t  i n  understanding s o l a r  system h i s t o r y  and t h a t  are 1 i ke ly  t o  be answered by a 
mission such as we are  discussing,  ra the r  than by some other  mission which i s  a 
competi t o r .  
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ANDERS: On those terms, yes, I agree. L e t  me a l so  say I t h i n k  you presented a  magni f i -  
cent  l i s t  o f  questions i n  your  paper. But I am n o t  sure a l l  o f  these quest ions can 
be answered by the k ind  of a s t e r o i d  mission we have discussed. I t  i s  no t  c l e a r  how 
the spec i f i c  measurements can be performed t h a t  w i l l  a c t u a l l y  answer some questions. 

VEVERKA: It i s  r e a l l y  important  t h a t  we d i s t i n g u i s h  between i n t e r e s t i n g  quest ions and 
answerable questions. You can ask what i s  the  parent body o f  a  c e r t a i n  meteor i te  
type. That i s  very s i m i l a r  t o  asking what i s  t h e  o r i g i n  o f  t he  Moon. I t  i s  very in -  
t e r e s t i n g  b u t  I don ' t  know how you go about answering i t. Spec i f i ca l l y ,  i n  the  case 
of  Vesta, i f  you brought back a  sample of  t he  surface and submitted i t  t o  a l l  the  
usual a n a l y t i c a l  techniques, i t  i s  very unlike11 t h a t  a l l  t he  ieasurab le  parameters 
w i l l  match exac t l y  those of a  s p e c i f i c  meteor i te  type. I f  the  parameters are  gener- 
a l l y  s im i l a r ,  bu t  n o t  i d e n t i c a l ,  what a re  you going t o  conclude? A )  i 

FANALE: I made i t  very c l e a r  t h a t  a  l i m i t e d  mission t o  a  1  im i ted  number o f  ob jec ts  was 
- 1 . . 

no t  going t o  g i v e  you a  g loba l  context  t o  the meteor i te  data. But I d i d  p o i n t  ou t  i f  . ,..) i 
you a re  choosing a  mission i t  should do the best  j o b  poss ib le  o f  answering t h a t  par- . . . :  I , 
t i c u l a r  question. - .  ,, 

ANDERS: Note t h a t  I d i d n ' t  ask the question, "where d i d  the H chondri tes  come from?" Pre- , 1 

sumably there  are  many bodies o f  t h a t  composit ion. Vesta appears t o  be unique, and * ?  '.. .\ 
i t s  connection w i t h  the  l i k e w i s e  r a r e  howardites may there fore  be a  more answerable I : 
question. I completely agree w i t h  Veverka's skep t i ca l  p o i n t  of  view t h a t  even if . . 

I 

samples a re  brought back and p u t  through labo ra to ry  t e s t s  t h a t  agree i n  every way, . ! 

t he re  s t i l l  remains a  l i n g e r i n g  doubt. 1 .: 
SHOEMAKER: I would l i k e  t o  submit, and whether i t  i s  pess im is t i c  o r  o p t i m i s t i c  depends I ! 

on your  viewpoint, t h a t  we w i l l  no t  i d e n t i f y  a  parent f o r  any s i n g l e  meteor i te  w i t h i n  
the  l i f e t i m e  o f  anyone i n  t h i s  room. What we can do i s  go t o  i n d i v i d u a l  as tero ids  and 

: t 1 
1 

f i nd  ou t  what they r e a l l y  are. That i s  the quest ion we should be addressing. Maybe 
we w i l l  be l ucky  and f i nd  the  source f o r  one of t he  known meteor i te  types. But the 

. \  ! 
important  t h i n g  i s  t o  go t o  the i n d i v i d u a l  as tero ids ,  study them, u l t i m a t e l y  y e t  
samples from them, and analyze those samples w i t h  the same techniques we have used i n  
the  past  f o r  t he  meteor i tes t o  g e t  t he  answers f o r  those samples and those as tero ids .  I a 

ANDERS: There i s  a  p o s s i b i l i t y  t h a t  i f  we do so, we may b r i n g  back samples t h a t  a re  i n -  % I -  

d i s t i ngu ishab le  from a known meteor i te  c lass .  I would be very embarrassed t o  have j ; .  ! ' b  
spent $400 m i l l i o n  d o l l a r s  f o r  samples t h a t  are, f o r  instance, a  l i t t l e  d i f f e r e n t  from I '  I 

H chondr i tes,  but  no t  i n  a  very s i g n i f i c a n t  way. -1 i 1 

NIEHOFF: You wouldn't be spending the  whole amount on t h a t  one answer, b u t  you would come ? I \  

back, by d e f i n i t i o n ,  w i t h  a  weal th o f  o ther  in format ion.  ! I 

MORRISON: I t h i n k  Anders has j u s t  g iven a  p r e t t y  good r a t i o n a l e  f o r  choosing a  miss ion 1 
concept t h a t  character izes  several as tero ids  as p lanetary  objects,  ra the r  than j u s t  I !  
concentrat ing on sample r e t u r n  from one as tero id .  

ARNOLD: I t  seems reasonable t o  me t h a t  a  sample r e t u r n  mission would r e q u i r e  f o r  i t s  
\ 
\ 
I j u s t i f i c a t i o n  more i n f o r m  t i o n  than I foresee us d e r i v i n g  from ground-based observa- 

t i o n s  alone. For t h a t  reason I agree t h a t  t he  exp lo ra t i on  of m u l t i p l e  ob jec ts  i s  t he  1 a '  

1 :  

f i r s t  ob jec t i ve .  A f te -  such a  mission, I th ink  we would be i n  a  p o s i t i o n  t o  say w i t h  I I 
8 . ,  
, ' 

some reasonably h igh p r o b a b i l i t y  whether o r  no t  sample r e t u r n  i s  going t o  y i e l d  mate- 1 i 

r i a i  d i f f e r e n t  from the meteor i tes we already have. ( .  , - . 
NIEHOFF: I would go fur ther .  An o b j e c t i v e  o f  a  mult i-renuezvous mission probably ought i z 

t o  be t h a t  we do come back w i t h  the  necessary data t o  assess what a  sample r e t u r n  . , !  i 
mission would do. , . 

MATSON: Before we go o f f  on an as te ro id  mission, the ta rge ts  o f  t h a t  miss ion ought t o  be i .  
s tudied i n t e n s i v e l y  from the ground and a l so  from Earth o r b i t  over the  extended wave- i 

length  range from u l t r a v i o l e t  i n t o  the i n f ra red .  Such concentrated studies w i l l  pro- 
v ide a very powerful t o o l .  I , \  

ARNOLD: The o ther  p o i n t  I have not  heard i s  t h a t  t h i s  k ind  o f  mission can prov ide the 
in format ion needed t o  i n t e r p r e t  t he  ground-based informat ion we have. I f  one does 

1 , !  ( :  .' 

have fou r  o r  f i v e  ob jec ts  which one has explored i n  d e t a ~ :  and r e a l l y  understands, , 1 i 
one can go back t o  the general questions t h a t  were discussed e a r l i e r  and address them . ; I , .  - 
i n  a  more sopn is t ica ted way. You may be ab le  t o  say hi t h  more c e r t a i n t y  than before 
t h a t  the  t! group chondr i tes come from t h i s  c lass  o f  ob jec t  o r  we th ink  the c n l y  pos- . j .  
s i b l e  p lace the euc r i t es  can come from i s  from t h i s  p a r t i c u l a r  ob jec t .  ' I  . j  

j I 

I i 



ANDERS: We must no t  fo rget  t h a t  we have a l a r g e  body of  spectroscopic informat ion,  thanks 
t o  McCord, Chapman, and others.  This in format ion i s  g e t t i n g  more s p e c i f i c  and more 
r e l i a b l e  a l l  t he  time, and a f t e r  some necessary l abo ra to ry  s tud ies  have been made, 
the i n t e r p r e t a t i o n ,  too, w i l l  be more conclusive.  Looking ahead ten  years from now 
w i t h  a l l  t h l s  add i t i ona l  work, I wonder i f  we cou ld  j u s t i f y  sending a miss ion j u s t  t o  
see if we a re  r i g h t  on f i v e  as tero ids? 

VEVZRKA: No one i s  proposing that .  One o f  t he  reasons f o r  having an as te ro id  miss ion i s  
t o  go beyond tha t .  Most of  t he  th ings we have discussed so fa r  t e l l  you about the.  
outermost layers.  For example, one o f  t h e  th ings people keep t a l k i n g  about, which 1 
don ' t  bel ieve,  i s  t h a t  many C ob jec ts  are  coated w i t h  something and they are n o t  C 
ob jec ts  on the  ins ide.  A mission provides the  on l y  way I know o f  t o  determine masses 
accura te ly  and t o  ob ta in  in format ion on i n t e r n a l  dens i t i es .  

CHAPMAN: Fur ther  analogy can be drauwn w i t h  l una r  exp lora t ion .  Many long books were 
w r i t t e n  about t he  Moon before the Apo l lo  program. They d e a l t  w i t h  a whole host  o f  
i n t e r e s t i n g  questions, l a r g e l y  o f  a geological  nature, because the data we had on the 
Moon d e a l t  w i t h  whole body geophysics and observable surface geology. Many o f  t h e  
questions addressed i n  those books were o f  fundamental importance, such as the crea- 
t i o n  o f  basins. Then we a c t u a l l y  v i s i t e d  the Moon, and now i f  one looks a t  the Pro- 
ceedings o f  the  Lunar Science Conferences, one sees as a r e s u l t  o f  the Apo l lo  samples 
t h a t  a whole realm o f  add i t i ona l  questions are  being addressed. I n  the case of  the 
as tero ids  and the  metegri tes, we have l o t s  o f  samples b u t  what we a re  e n t i r e l y  lack-  
i n g  i s  the  g loba l  p laneto log ica l  aspects o f  as tero ids .  Some of us are preoccupied 
w i t h  th ink ing  about t he  k inds o f  problems t h a t  oresent themselves from the s tud ies  of 
t he  meteor i tes.  However, I expect t h a t  the  as tero ids  a l so  w i l l  be geo log i ca l l y  and 
g l o b a l l y  i n t e r e s t i n g  bodies. And understanding the  fundamental problems of  these 
bodies, such as c o l l i s i o n s ,  should s y n e r g i s t i c a l l y  help us answer t h e  questions t h a t  
one asks on the basis o f  m e t e o r i t i c a l  evidence. Maybe I should csk you, do you t h i n k  
t h a t  g loba l  p laneto log ica l  questions can be addressed by an as te ro id  mission? 

ANDERS: Q u i t e  poss ib ly  if you f i n d  as tero ids  a t  j u s t  the r i g h t  stage of  fragmentation. 
But you have made the p o i n t  t h a t  the  as te ro id  b e l t  a t  one t ime was much more massive, 
and t h a t  there  are v i r t u a l l y  no as tero ids  t h a t  s t i l l  have t h e i r  p r i s t i n e  surfaces. 
So, w i l l  you then be ab le  t o  make r e a l  sense ou t  o f  f a i r l y  de ta i l ed  mapping of  f i v e  
as tero ids? W i l l  you r e a l l y  be ab le  t o  determine t h e i r  o r i g i n a l  composit ion, the  geol- 
ogy, and so on? If th2 as te ro id  has l o s t  803: of i t s  mass, w i l l  you r e a l l y  be ab le  
t o  t e l l  what t h e  o r i g i n a l  as te ro id  was 1 i ke? 

CHAPMAN: I t  i s  my expectat ion,  and I t h i n k  most people 's expectat ion,  t h a t  Vesta i s  no t  
a fragment, So there  i s  one o r i g i n a l  as tero id .  We can v i s i t  some t h a t  are  c e r t a i n l y  
fragments and we can a l so  v i s i t  some 1 i k e  Ceres and Vesta tha t  almost c e r t a i n l y  are 
n o t  fragments. One can then i n t e r p o l a t e  among the p o s s i b i l i t i e s .  

ANDERS: You ' l l  see a c ra tered surface and perh3ps a few basins t h a t  a l l ow  you t o  see 
through the  present c rus t .  This would be i n te res t i ng ,  bu t  not  c r u c i a l  informat ion.  
Jerome and Goles and o thers  have already recognized howardites as mixtures of c r u s t  
and mantle mater ia l ,  i . e . ,  euc r i t es  and diogeni tes.  and both c f  these are  a v a i l a b l e  
i n  pure form. 

CLAYTON: Could you convince anyone i n  t h i s  room t h a t  a l l  the  known e u c r i t e s  o r  howardites 
come from a s i n g l e  as te ro id?  You c a n ' t  convince us t h a t  any two euc r i t es  are from 
the same parent body. How can you convince anyone they come from a p a r t i c u l a r  as ter -  
o i  i? 

ANOERZ: Vesta i s  the  on ly  known source f o r  eucr i tes ,  and i t  meets the  requirement t h a t  
i t  i s  n o t  ex tens ive ly  broken up. To t u r n  the quest ion back t 9  you, how would a mis- 
s ion  answer t h i s  question? 

CLAYTON: I wouldn' t  ask t h a t  quest ion o f  a mission. I have heard much b e t t e r  question5 
asked here. I wouldn' t  t h i n k  Vesta would be a p a r t i c u l a r l y  i n t e r e s t i n g  p lace t o  go. 
I would be much more i n te res ted  i n  the p r i m i t i v e  as tero ids  than the evolved ones. 

FANALE: I don' t be1 ieve i t  w i  11 be necessary t o  choose between Vesta and a p r i m i t i v e  
as te ro id  i n  t a r g e t  se lec t ion .  When I say t o  demand Vesta, i t  i s  because Vesta i s  
unique, so you have t o  demand Vesta t o  get  i t .  The whole as te ro id  be1 t i s  f u l l  of 
t he  rmal l e s t  and darkest  th ings you can imagine and they are  the most p r i m i t i v e  ones. 
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They are the  ones you w i  11 encounter t y p i c a l l y  by serendipi ty a f te r  you make those . , -;,t ! 
- *  . ,  , ;  

demands f o r  Cews o r  Vesta. So whi le  I do th ink  Vesta i s  very desirable,  i t  doesn't . ,  I .  

mean I would g ive up any chance o f  going t o  a p r im i t i ve  astero id  i n  order t o  go t o  ':4 : 
. . a  : . . 

Vesta. - : 
MATSON: With meteorites we are looking a t  asteroids from a microscopic po i n t  of view. .. I . ,  

With telescopic observationsr we are looking a t  the macroscopic point. of Biew. I see ! 
, , 

an astero id  mission f i l l i n g  the s i ze  scale between these two extremes. . ! <  . 
ANDERS: We have such information f o r  Phobos. . , .  

MATSON: No we don' t ,  we don ' t  have any meteorites o r  samples from Phobos. 
, , 

ANDERS: When we made ou t  the 1 i s t  o f  questions f o r  t h i s  workshop, the  very f i r s t  one was, ., .; ! 
"What are the most important things we want t o  lea rn  about asteroids? How do these . , 
goals r e l a t e  t o  deeper ins igh ts  about the so lar  system and i t s  evo lu t ion?"  Thus a 1 
mission cannot be j u s t i f i e d  as an end i n  i t s e l f ,  as a way t o  obta in  information tha t  

1 ;  
i s  t r i v i a l  o r  i s  eas i l y  deducible from ground-based measurements w i t h  a l i t t l e  b i t  of  , 

insp i red speculation. We must instead t r y  t o  formulate t r u l y  important questions tha t  I 

can be answered conclusively only by a mission. Let us bear i n  mind t ha t  we are i n  a i I 

pr i v i l eged  posi t ion, r e l a t i v e  t o  people arguing f o r  missions t o  comets o r  Jovian sate l -  
li tes. We have a t  l eas t  a few astero ida l  samples among our meteori te co l lec t ions,  and 
t ha t  gives us a unique advantage over other planetary sc ien t i s ts .  If we want t o  pro- i 

pose a mission, then we must be able t o  j u s t i f y  i t  by fogr - to - f i ve  t r u l y  important 
questions t ha t  only a mission can answer. I want t o  make sure we hsve done our home- 
work. I bel ieve t ha t  t h i s  rrorkshop, and t h t s  discussion we have had, are important 

': 
f o r  br ing ing out  j u s t  what the questions are t ha t  can be addressed by a mission t o  
the asteroids. . , 
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O P T I C A L  REMOTE SENSING 
OF ASTEROID SURFACES FROM SPACECRAFT 

THOMAS 0. McCORD 

Institut~ fot* Astrc*?rr& 
University of Eamii, Honolulu, Hawaii 96822 

The app l i ca t i on  of o p t i c a l  remote sensing techniques t o  
as te ro id  surfaces using ground-based telescopes has re-  
vealed nos t  of what i s  known about these ob jec ts .  Trans- 
p o r t i n g  the  re la ted  instruments t o  the as tero ids  f o r  
close-up study du r ing  rendezvou; 01. landing missions has 
the p o t e n t i a l  f o r  p rov id ing  l a rge  increases i n  our knowl- 
edge o f  as te ro id  surface s t ruc tures ,  composit ion and 
mineralogy. Ref lectanze spectrozcopy and mu1 t i s p e c t r a l  
mapping are  the companion techniques 1 i ke ly  t o  be most 
useful, f o r  between the two approaches surface u n i t s  can 
be determined. Several o the r  techniques should be con- 
s idered fo r  prov id ing complementary informat ion.  The 
s t a t e  of i n s t r u c t i o n  i s  such t k 3 t  no ser ious techn ica l  
problem i n  developing such experiments i s  expected. 

INTRODUCTION 

When as te ro id  exp lo ra t i on  i s  extended by ca r ry ing  instruments near as tero ids  and onto 
t h e i r  surfaces we w i l  I f i n d  measurements i n  u l t r a v i o l e t ,  v i s i b l e  and i n f r a r e d  energy re-  
gions even more useful than tney a re  now, working from the Earth'; surface.  A v a r i e t y  o f  
techniques are ava i l ab le  which a l l  depend on measur'ng radiat ; . i l  r e f l e c t e d  o r  emit ted by 
surface mater ia l .  This a r t i c l e  discusses each technique b r i e f l y  and po in ts  ou t  some more 
obvious experiments which cou ld  be performed on f lyby,  rendezvous o r  land ing missions. As 
always one must be caut iods i n  assuming t h a t  a l l  ~ 0 S S i b 1 e  techniques and experiments are  
krtown. New and b e t t e r  methods may be discovered i n  the f u t u r e  and i n  fac t  may now e x i s t  
unknown t o  the author. 

Opt ica l  r a d i a t i o n  coming from an as te ro id  ccnsi s t s  o f  two components: pass ive ly  scat-  
tered s o l a r  r a d i a t i o n  a t  sho r te r  wavelengths and emit ted thermal r a d i a t i o n  a t  longer wave- 
lengths. Figure 1 shows the f l l ~ x  received a t  the  Earth from a square k i lometer  of  a l una r  
mare reg ion a t  near-zero phase angle. The case f o r  a low albedo as te ro id  near the Earth 
would be very s i m i l a r .  For ob jec ts  f a r t h e r  from the Sun the wavelength a t  which emit ted 
thermal r a d i a t i o n  becomes dominant s h i f t s  t o  longer wavelengths, t o  about 4 pm a t  Mars and 
6 pm a t  Jup i te r .  

The major techniques avai lab!e f o r  obs i n g  as tero ids  a t  o p t i c a l  wavelenqths a re  
tabulated i n  Table 1. A l l  o f  these caul<' bc . -n;otely app l ied  from a f l y b y  o r  rendezvous 
spacecraf t  and the spectroscopic techniques :ould be app l ied  on the as te ro id  surface t o  
study sam$les, as i s  coinnoonly done i n  t e r r e s t r i a l  labora tor ies .  

. , . m i 
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Fig. 1. Radiation received from a 1 km2 l o - * ~ ~  l l l j  
mare area, albedo 0.06, a t  the man  Earth- 
Moon distance (Adams and McCord, 1970). 
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Table 1. The Major Techniques Avai lable for  Observing Asteroids a t  Opt ical  Wavelengths - 

Technique Wavelength 
Region 

Property Determined Physical Phenonlenon 

1 .  Re f lec tanceSpec t rosc?~  0.1-5.0 urn Mineralogy Elect ron ic  Absorption 

2. Emi ttance Spectroscopy 5.0- 1000 urn Molecular i r b r a t i o n  

3. I R  Radiometry 

4. Polarimetry 

5.0-1000 urn Diameter, Albedo, Thermal Energy 
Themal I n e r t i a  Exchange 

0.1-1.0-? urn Grain Size t o  Specular Re f1  x t i o n  
Mater ial  Opacity and Scatter ing 
Rat io  

5. Broadband Photometry 0.1-1000 urn (See 1 and 2 Above) (See 1 and 2 Above) 
A1 bedo 

6. Mu1 ti spectral  Mapping 0.1-1005 urn Compositional Un i t  (Sw  1 and 2 Above) 
Ex ten t  



REFLtLTANCE SPECTROSCOPY 

Technique &scrip tion 

Spectral re f l ec tance  i s  the  f r a c t i o n  o f  i nc iden t  s o l a r  r a d i a t i o n  t h a t  i s  re f l ec ted  
from d surface as a  func t i on  o f  wavelength. With s u f f i c i e n t  spect ra l  r e s o l u t i o n  a r~d  i n ten -  
s i  t y  prec is ion,  absorpt ion bands o f t e n  can be resolved t h a t  a re  d iagnost ic  of  surface c o w  
pos i t i on  and mineralogy (see Figure 2) .  For minera log ica l  i n t e r p r e t a t i o n  we are  concerned 
p r i m a r i l y  w i t h  the wavelength dependence o f  re f l ec tance  and t o  a  l esse r  e x t e r t  w i t h  the 
albedo o r  absolute amount o f  r e f l e c t e d  1  i g h t ,  and angular dependence, o r  p o l a r i z a t i o n  o f  
the r e f l e c t e d  rad ia t i on .  

The ma te r ia l  on the surfaces o f  s o l a r  system ob jec ts  t v p i c c l l y  occurs as randomly 
or iented fragments. When observed i n  r e f l e c t e d  s o l a r  l i g h t ,  the  p a r t i c u l a t e  mater ia l  re -  
turns two components o f  r a d i a t i o n :  (1 ) a  specular component. which cons is ts  of  f i r s t  sur-  
face r e f l e c t i o n s  and i s  desc r ibedhy  Fresne l 's  laws f o r  absorbing die lectr ic ; ;  and ( 2 )  a  
d i f fuse component, which i s  composed o f  l i g h t  t h a t  has enterct. a t  l e a s t  one g r a i n  and has 
been scat tered back i n t o  space toward the observer. I t  i s  the d i f f use  component t h a t  con- 
ta ins  the most composit ional informat ion.  

The absorpt ion bands t h a t  appear i n  re f l ec tance  spectra are  due p r i m a r i l y  t o  (1 ) e lec-  
t r o n i c  t r a n s i t i o n s  and charge t r i n s f e r s  by d -she l l  e lec t rons i n  t r a n s i t i o n  metal ions 
( ~ e ~ + ,  ~i'++, cr3+, e tc . ) ,  ( 2 )  overtones o f  molecular  v ib ra t i ons ,  ( 3 )  photoe lec t ron ic  emis- 
sion, and ( 4 )  photoconduction. The wavelength pos i t i ons  o f  t he  absorpt ion band centers 
depend on the types o f  ions  present and on the dimensions and symnetry o f  the s i t e s  i n  
which the ions are  s i t ua ted .  These two fac to rs  t o  a  l a r g e  ex tent  de f i ne  the mineralogy of  
a  sample. Note t h a t  re f l ec tance  spectroscopy i s  a  method o f  remotely sensing mineralogy, 

t o  y-ray spectroscopy and x-ray f luorescence. wh ;ch remotely sense ~ l e r n ~ n t c z l  

Reflectance spectra are  i n te rp re ted  using a  combination o f  l abo ra to ry  and t h e o r e t i c a l  
techniques. Laboratory spectra o f  a  l a rge  number o f  chemical ly  analyzed t e r r e s t r i a l ,  lunar ,  
and m e t e o r i t i c  minerals and rocks have been analyzed, and t h e i r  spectra have been s tud ied as 
funct ions o f  p a r t i c l e  s ize ,  phase ang:e, mi& ing r a t i o s .  and mix ing heterogenei ty.  I n t e r -  
p re ta t i ons  of  absorpt ion bands are  based on l i gand  f i e l d  theory ( i n t e r e l e c t r o n i c  t r a n s i -  
t i ons ) ,  molecular  o r b i t a l  theory (charge t r a n s f e r  t r a n s i t i o n s ) ,  band theory (photoconduc- 
t i v i  t v  and photoemissinn! , theoric: 3 f  n u l e i u l d r  v ib ra t i on .  Re la t i ve  modal abunda~ices 

the r e l a t i v e  s t rengths  o f  bands cont r ibu tea by 
mptions about r e l a t i v e  g ra in  s izes  and homogeneity. 
r a t o r y  spectra are no t  adequate and may be mislead- 

m, sucn as the Moon and Mars, te lescop ic  spectra 
b ta ined and p e t r o l o g i c  u n i t s  i d e n t i f i e d .  Deter-  

spect ra l  and s p a t i a l  reso lu t i on ;  however, the  
rms of  i n t e n s i t i e s  a t  few d iagnost ic  wavelengths, 
s ing  mu1ti:pectral imaging techniques) t o  determine 

i c a t i o n  of  re f lec tance spectroscopy d i f f i c u l t  o r  
an be af fected by low l i g h t  l e v e l s  at;l poor s p a t i a l  
b j e c t s  have t h e i r  surface o p t i c a l  prope;iies modi- 
, which have t o  be understood before accurate 
1  p rope r t i es  of s o i l s  can be s t rong ly  a l t e r e d  by 
ss on the Moon and Hercury, vegetat ion and clouds 
o  a  l esse r  ex tent ,  p o l a r i z a t i o n  e f f e c t s  and r e f l e c -  

t i o n  geometry can a1 so complicate i n t e r p r e t a t i o n s .  
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Fig .  2. Spectral  r e f l e c t i v i t y  of  Apo l lo  12 50 
b a s a l t  powder 12063 and p lag ioc lase and 
pyroxene separates from the same rock. 
I l m n i t e  i s  a syn the t i c  sample (Adams and 
McCord. 1971 ). d Ilmen~te (Synthet~c) 
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These 1 i m i t a t i o n s  notwi thstanding,  the  technique has been successful ly  app l ied  using 
ground-based telescopes; the  compositions of nea r l y  100 as tero ids  have been determined; 
the pyroxene composition, t i t an ium content, s o i l  ma tu r i t y  and mare basa l t  types have been 
determined f o r  u n i t s  across the l una r  surface; the  abundance, type, and water content  of  
f e r r i c  oxides i n  the mar t ian  s o i l s  have been measured; and the presence o f  H20 on the 
Gal i lean s a t e l l i t e s ,  and the r i n g s  and s a t e l l i t e s  o f  Saturn has been detected. Spacecraft 
experiments should extend the ground-based work and acquire basic in format ion about t he  
composit ion o f  s o l a r  system bodies. 

Instmunent System 

Remote Measuremnt. Flyby, o r b i t e r  and rendezvous ni iss io as tero ids  requ i re  
spectrometers o f  some s o r t  w i t h  te lescop ic  fo reop t i cs  t o  gathe, iht and p r o j e c t  an image 
o f  a surface spot. Several spectrometers have been developed f o r  g-ound-based te lescop ic  
observations. These inc lude mu1 t i - d i s c r e t e  i n te r fe rence  fi 1 t e r s  (0.3-2.5 um) , s i n g l e  
detec tor  spectrometers (0.6-5.0 um) , and in te r te romete r  spectrometers (1 .O-2.5 um) . Sev- 
e r a l  broadband photometers have a1 so been used. 

Two instruments have been designed for  spacecraf t  use. A cross disperson esche l l  
spectrograph using 1 inear  arrays of detec tors  (0.35-5.0 urn) has been designed fo r  the  LPO 
mission and a modi f ied vers ion was proposed f o r  t he  G a l i l e o  mission.  This instrument 
gives very wide spect ra l  coverage f o r  on l y  one o r  a few s p a t i a l  elements (because of op- 
t i c a l  aber ra t ions) .  

A second instrument i s  being designed and b u i l t  t o  f l y  on the G a l i l e o  mission. I t  
w i l l  be a s i n g l e  d ispers ion spectrometer using l i n e a r  arrays o f  detec tors  a1 igned along 
the s l i t  image, r a t h e r  than along the spect ra l  d ispers ion as f o r  the o the r  system. This 
instrument has narrower spect ra l  coverage (because o f  order over lap)  but  i t  has the a b i l -  
i t y  t o  image up t o  30 o r  so s p a t i a l  elements simultaneously. 

-1 - 1  
- 1  LJ 1 , 1 
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Sun, distance from ob jec t ,  s p a t i a l  reso lu t i on ,  surface ma te r ia l  albedo), i n t e g r a t i o n  time 
spent on one surface spot (ground t rack  speed, s p a t i a l  resolution), and a e r i a l  coverage 
desired ( type o f  ob jec t ,  t o t a l  t ime spent a t  ob jec t ) .  

I n  S i t u  Msa~tcrsnent. A' land ing mission cou ld  i nvo l ve  some sample rlnal ys i s .  I n  t h i s  
i ' 

case a re f l ec tance  spectrometer could be used t o  make d e t a i l e d  minera log ica l  analyses, j u s t  
as i s  present ly  done i n  t e r r e s t r i a l  l abo ra to r i es .  No such instrument has been designed 
(a1 though many models e x i s t  f o r  labora tory  use) and problems o f  1 i g h t  sources, ca l  i b r a t i o n  
and sample manipulat ion may e x i s t .  

EMISSION SPECTROSCOPY 

I 

The a b i l i t y  o f  a surface t o  r a d i a t e  depends p a r t l y  on the o p t i c a l  p rope r t i es  ( index 
o f  r e f r ~ c t i o n  and e x t i n c t i o n  c o e f f i c i e n t )  o f  the n ia ter ia l  , and these proper t ies  vary w i t h  
the wavelength o f  r a d i a t i o n  emit ted.  So l ids  are  composed of ?ton% and molecules bound i n  
a c r y s t a l  l a t t i c e .  With t h e i r  associated bonds, these form o s c i l l a t o r s  which v i b r a t e  d t  

p re fe r red  frequencies. Near the p re fe r red  v i  b ra t iona I frequencies, bands ( ca l  l e d  r e s t -  
s t rah len  bands) appear i n  the emission spectrum o f  the  s o l i d  (Fiqure 3 ) .  For s i l i c a t e s  
the S i -0  bond i s  responsible f o r  a strong cmi3sion near 10 um. fo r  example. These bands 
can be d iagnost ic  o f  compos i t i  on. 

I 



Fig.  3. Transmission spectra of rocks 
and mineral ground t o  0-5 um and sus- 
pended on a mir ror .  Curves have been 
separated v e r t i c a l l y  f o r  c l a r f  2. Peak 
transmission near 8 vm (250 cm 1 i s  
t y p i c a l l y  about 90% fo r  the rock spectra, 
and ordinate d iv i s ions  are 10%. Shaded 
region o f  the spectrum i s  obscured by 
martian CO l i nes  i n  Mariner 1971 spec- 
t ra .  ~eca fcu la ted  Mariner 1971 nonpolar 
spectra are shown here. Ver t i ca l  arrows 
ind ica te  pos! t i o n  o f  po lar  radiance 
maxima, near which we also expect the 
nonpolar transmission minima (Logan 
st at. , 1975). 

WAVELENGTH (urn) 
6 7 8 9 10 I2 IS 20 M 50 

R a t e  Memwmts .  Several spectrometers o f  the designs (but w i t h  d i f fe ren t  detec- 
to rs )  described under a previous sect ion have been b u i l t  and used on ground-based t e l e -  
scopes. The spectral range covered i s  r es t r i c t ed  t o  the 10 um and 20 um t e r r e s t r i a l  
atmospheric windows . I 

A CVF spectrometer (2-14 um) was flown t o  Mars on the Mariner 6 and 7 missions and i :  -1 1 
an interferometer spectrometer (4-50 was flown t o  Mars on Mariner 9. i :  i 

I + 
I 

I n  ?h's spectral  range the interferometer spectrometer becomes a more p rac t i ca l  a l -  : 1 , 
t e rna t i r e  because o f  the increased wavelength o f  rad ia t ion  observed. The detectors become i i J ; 
mare d i f f i c u l t  t o  handle because o f  the need f o r  cool ing t o  near O°K. Considerable devel- , I  , . 
ooment o f  both the techniques and the instrumentation i s  required t o  make avai lab le  a ' - 1  
dependable experiment. j . !  

In S i t u  Measxnement. As i n  the case o f  shorter wavelength reflectance S p e c t r ~ ~ c o p y ,  
' - . I 

emission spectroscopy can be appl ied on landing missions t o  analyze Sam: -es. Spectroscopy i !  . 1 , 

a t  these energies i s  a standard laboratory technique, as a t  shorter wavelengths, and i n -  ! 

strumentation i s  equal ly undeveloped. Probably the i n  situ measurements would be made 
i n  transmission ra ther  than emission so tha t  sample preparat ion becomes a serious problem. 
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1R RADIOMETRY 

The temperature o f  an i l l um ina ted  p lanetary  surface i s  c o n t r o l l e d  by i n s o l a t i o n  
area presented t o  incoming s u n l i g h t ) ,  surface albedo (amount of  s u n l i g h t  ab- 
and temperature o f  ob jec ts  w i t h i n  the  f i e ld -o f - v iew  o f  the  r a d i a t i n g  surface 
A f te r  sun1 l g h t  i s  c u t  o f f  (e.g. , ecl ipse) ,  t he  r e l a t i v e  importance of  subsur- 

face heat exchange increases r a p i d l y  as the surface cools.  From the s o l u t i o n  of  the  
heat-conduction equat ion one f i n d s  t h a t  the  surface ma te r ia l  p rope r t i es  K (thermal con- 
d u c t i v i t y ) ,  p (dens i ty ) ,  and C (heat capac i ty ) ,  i n  the func t i ona l  form ( K P C ) ~  ( c a l l e d  the 
thermal i n e r t i a ) ,  con t ro l  the  r a t e  o f  coo l ing  o f  a surface, bu t  the  temperature of  ob jec ts  
i n  the f ie ld -o f -v iew o f  the  e m i t t i n g  surface a l so  has an e f f e c t .  

I n f ra red  radiometry i s  the  measurement o f  f l u x  mi t t e d  from a surface. p f?rha~S a t  
several broad spec t ra l  bands, from which an e f fec t i ve  temperature can be derived. Tempera- 
tures o f  an i l l u m i n a t e d  surface, alone, usua l l y  reveal  l i t t l e  about the surface except 

d i 11 uminat ion geometry. Wheit condensates are  present some composit ional i n f o r -  
n be i n f e r r e d  by consider ing f reez ing temperatures. Temperature changes dur ing 

i l l u m i n a t i o n  changes such as an ec l i pse  can g i ve  add i t i ona l  in format ion from the measure- 
ment o f  thermal i n e r t i a .  

Imtna~ent  System 

POLARIMETRY 

Ref lected r a d i a t i o n  can be analyzed i n t o  i t s  two orthogonal planes o f  p o l a r i z a t i o n ,  
one perpendicular  ( I , )  t o  the plane o f  sca t te r i ng  and one p a r a l l e l  (I,,) t o  t h i s  reference 

he plane o f  s c a t t e r i n g  i s  def ined 5; t5e source, surface, and observer. The 
p o l a r i z a t i o n  ( P )  of the r e f l e c t e d  r a d i a t i o n  i s  defined as 

,v* = 18 - It! 
:I + I , ,  

100 

semi -opaque so i  1. 
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Through computer model i ng techniques a  recent  t h e o r e t i c a l  ana l ys i s  o f  the  way 1  i g h t  
i s  r e f 1 ~ c t e d  and scat te red from a p a r t i c u l a t e  sur face has a1 lowed a  b e t t e r  understanding 
o f  the  physics and u p t i c s  behind the  observed p o l a r i z a t i o n  (see Wolff, 1 9 7 5 ) .  This analy- 
s i s  showed t h a t  the  p o l a r i z a t i o n  versus phase curve i s  t he  r e s u l t  o f  several  factors.  
such as the complex r e f r a c t i v e  index o f  the  p a r t i c l e s  (determined by composi t ion and de- 
f i n i n g  opac i t y ) ,  p o r o s i t y  of t he  s o i l ,  amount o f  shadowing, and p a r t i c l e  s i ze .  For  
example, i f  t he  bas ic  s t r u c t u r e  a f  t he  s o i l  i s  known o r  assumed constant  over a  region,  
then the observed p o l a r i z a t i o n  curve i s  l a r g e l y  a  f unc t i on  o f  the  opac i t y  o f  the  p a r t i c l e s  
and can be used as a  measure o f  albedo w- i ih in  the  l i m i t s  de f ined by the  model. 

Instnunent System 

Systems us ing c r y s t a l  o r  p o l a r o i d  analyses and s i n g l e  detec tors  a r e  i n  common use on 
ground-based telescopes. Spacecraft po lar imeters  have been flown as p a r t  o f  imaging exper- 
iments. Po la ro id  f i l t e r s  are  i n s e r t e d  i n  the  o p t i c a l  pa th  t o  measure p o l a r i z a t i o n .  

MULTISPECTRAL MAPPING 

Technique Description 

The bas ic  study o f  a  p lanetary  surface invo lves  d e f i n i n g  the boundaries and ex ten t  of 
sur face crni t s  and cha rac te r i z i ng  them i n  terms o f  phys ica l  fea tures ,  l i t h o l o g y  c r  chemical 
composit ion. M u l t i s p e c t r a l  mapping i s  an e f f e c t i v e  method f o r  determining the s p a t i a l  ex- 
t e n t  o f  geologic u n i t s  on a  p lanetary  surface. Ground-based te lescop ic  s tud ies  of the Moon 
have been c a r r i e d  ou t  f o r  mare than 60 years, bu t  spacecraf t  missions t o  ob jec t s  o the r  than 
the  Ear th  have seldom included mu1 t i s p e c t r a l  mapping experiments. Developments i n  two- 
dimensional de tec to r  technology and image processing techniques a re  s t i m u l a t i n g  d c t i v i t y  
i n  t h i s  f i e l t .  Increased understanding of the  o p t i c a l  p rope r t i es  o f  p lanetary  surface 
ma te r i a l s  i s  making mu1 t i s p e c t r a l  maps more meaningful. 

M u l t i s p e c t r a l  napping i s  de f ined here as no t  j u s t  the a c q u i s i t i o n  o f  inages a t  several 
wavelengths b u t  a l s o  the  processing o f  images obtained through a t  l e a s t  two d i f f e r e n t  spec- 
t r a l  bandpasses t o  produce a  s i n g l e  irildge encoding c o l o r  in format ion .  Physical  processes 
causing c o l o r  d i f f e rences  across p lanetary  surfaces have r e c e n t l y  become much b e t t e r  under- 
stood and c o l o r  d i f f e rences  a re  becoming a  dependable parameter f o r  d e f i n i n g  and character-  
i z i n g  geologic u n i t s .  As discussed above, the r e f l e c t e d  and emi t ted  spectra o f  p lane ta ry  
surfaces con ta in  absorp t ion  o r  emission f e a t u r ~ s  which are  re la ted  t o  composi t ional  prop- 
e r t i e s .  I n  some cases, the understanding o f  t - sur face-mater ia l  o p t i c a l  p rope r t i es  has 
reached such a  l e v e l  t h a t  d i r e c t  c o r r e l a t i o n  o f  o p t i c a l  parameters can be made w i t h  compo- 
s i  t i o n a l  parameters. For example, the  s lope o f  t he  re f lec tance spectrum between 0.40 and 
0.56 um f o r  mature lunar  mare s o i l  i s  d i r e c t l y  co r re la ted  w i t h  Ti02 content .  B a s a l t i c  
mare u n i t s  can be d i s t i ngu i shed  based on t i t a n i u m  content .  By mapping the  s p a t i a l  d i s t r i -  
bu t i on  o f  the  s lope o f  the re f l ec tance  spectrum using m u l t i s p e c t r a l  imaging techniques, a  
map o f  t i t a n i u m  content  i n  the mare s o i l ,  and thus a  map o f  some mare basa l t  geo log ic  
u n i t s ,  can be obtained.  Other o p t i c a l  and composit ional parameters are co r re la ted ,  b u t  
t h i s  case i l l u s t r a t e s  the  po in t .  

The wavelengths a t  which a  sur face i s  imaged must be chosen w i t h  great  care i n  order  1 ' 
t h a t  the c o l o r  maps b r i n g  o u t  geologic a i d  geochemical fea tures  and so t h a t  the c o l o r  images i I . 

can be i n t e r p r e t e d  i n  terms c f  knotn pb;,;cal processes a f f e c t i n g  the  o p t i c a l  p rope r t i es .  
Poor ly chosen bandpdsses lead t o  massive data reduct ion  exerc ises and r e s u l t  i n  poor u n i t  1 I i  
disc r im ina t i on .  The d i f f e rences  i n  c o l o r  p rope r t i es  which s i g n i f y  composi t ional  d i f fe rences i . r : 

9 .  

are  o f t e n  small (0.1-10%). The p r e c i s i o n  o f  l~ieasurement requ i red  t o  map the appropr ia te  
o p t i c a l  parameters i n  two dimensions has s t ra ined  the a v a i l a b l e  technology. \ \  * , i' . 
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ected from rough p lanetary  surfaces. App l ied  

DISCUSSION 

mining how t h a t  body evolved. Ei : : iss i~n spectroscopy may t u r n  o u t  t o  be important  as 
we l l .  I t  i s  l e s s  we l l  understood and has n o t  been p rac t i ced  near ly  as much. There 
i s  a problem i n  t h a t  f o r  the  p a r t i c l e  s i z e  d i s t r i b u t i o n  we f i n d  e x i s t i n g  on the Moon, 
t he  emission fea tures  a re  e s s e n t i a l l y  washed out .  There are complementary features 
c a l l e d  Chr is t iansen peaks which do show up. Very l i t t l e  labora tory  work has been done 
on these. F ina l  l y ,  mapping the temperature of the  surface i s  l ess  i n t e r e s t i n g  t o  me 

1 l - s c a l e  phys ica l  r a t h e r  than chemical 

What can you l e d r n  abotit a body i n  genersl  when you a re  close-up r a t h e r  than through 
a telescope? 

McCORD: There a re  two d e f i n i t i o n s  o f  what close-up i s .  One i s  i n  o r b i t  o r  i n  rendezvous 
a t  some distance.  There one wants t o  take the  geo log ica l  approach o f  de f i n i ng  and 
cha rac te r i z i ng  u n i t s .  With mu1 t i s p e c t r a l  mapping, one would be d e f i n i n g  the  ex ten t  
o f  u n i t s  and w i t h  the  spectroscopic techniques, one would be charac ter iz in :  u n i t s  i n  
terms o f  mineralogy. If one knows the ex tent  and c h a r a c t e r i s t i c s  o f  the  u n i t s  on the  
surface, presumably one could work o u t  an evo lu t i ona ry  h i s t o r y  us ing  the  approaches o f  
c l a s s i c a l  geology. But I would l i k e  t o  go f u r t h e r  and say these techniques can be 
app l i ed  i n  s i t u ,  the second case. I f  one had a l ~ ~ ~ d e r ,  one would want t o  ca r r y  a re -  
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VEVERKA: If you a re  o r b i t i n g  these objects,  the orb1 t a l  v e l o c i t y  i s  very low, and there 
a re  no severe problems w i t h  smear. Ten meter r e s o l u t i o n  i s  poss ib le .  

McCORD: That 's  r i g h t .  So cha rac te r i z ing  a 1 km c r a t e r  would be easy. Now the f i r s t  
quest ion  was coverage and t h a t  depends on what k ind  o f  r e s o l u t i o n  you want. For the 
Lunar Po lar  O r b i t e r  mission, we're t a l k i n g  about mapping w i t h  a s i n g l e  spot o f  about 
1 km and doing the e n t i r e  Moon surface i n  a year. A d i f f e r e n t  instrument being b u i l t  
f o r  t he  G a l i l e o  mission maps s p a t i a l  elements s imul tanmusly  but  w i t h  fewer spect ra l  
elements. Both instruments work a t  about t he  same speed. 

MQRRISON: The Moon i s  a f a c t o r  o f  ten Iarget. than Ceres i n  surface area, sc f o r  a t y p i -  
ca l  60 day rendezvous time, you cou ld  s p e c t r a l l y  map a l l  o f  Ceres a t  1 km. Perhaps 
you'd want h igher resolution f o r  selected areas, too. 

FANALE: I t  i s  w i t h i n  the r a p a b i l i t i e s  c f  these instruments t o  do a very e x c i t i n g  exper i -  
ment t o  g i ve  a d e t a i l e d  map o f  the d i s t r i b u t i o n  o f  the  water and OH on the surface of  
these objects.  

MORRISON: Could I ask one o f  you invo lved w i t h  the G a l i l e o  imaging t o  comnent on the 
degree t o  which the  CCD imagins system can accomplish the spect ra l  mapping goals and 
r e l i e v e  the pressure somewhat on the  kinds o f  instruments McCord has discussed? 

CHAPMAN: The CCD has a broader spect ra l  coverage than o the r  cameras t h a t  have been flown 
but  no t  as broad as i s  needed f o r  good mineralogy. We d o n ' t  have a CCD camera tha t  
goes ou t  t o  5 um. 

VEVERKA: I th ink  the o the r  problem i s  tha t  obviously you are  l i k e l y  t o  have a l i m i t e d  
number o f  f i l t e r s  on a CCD camera. You do no t  have the a b i l  i t y  t o  do the k ind  of 
spec t ra l  cha rac te r i za t i on  we want. 



REMOTE GEOCHEMICAL SENSING OF ASTEROIDS 

JAMES R .  ARNOLD 

1 The techniques of remote geochemical sensing are s u b s t a n t i a l l y  the  same f o r  any 
planetary body w i thou t  an atmosphere, o r  w i t h  an atmospheric column dens i t y  o f  l ess  than 
about g/cm2 surface.  Thus the paper by Haines s t  at. (1976) provides a proper and 
cu r ren t  techn ica l  basis f o r  t he  present subject .  A few new po in ts  w i l l  be noted below 
a f t e r  a quota t ion  o f  the  abs t rac t  from Haines e t  aZ. (1976). 

Two instruments, t he  gamna-ray spectrometer and the x-ray 
f luoresce~lce spectrometer, a re  uniquely su i ted  t o  the chem- 
i c a l  mapping o f  p lanetary  surfaces from o r b i t .  Through 
the1 r de tec t i on  o f  c h a r a c t e r i s t i c  1 i ne  spectra they measure 
the concentrat ions of  a s u i t e  of elements i t 1  each area over- 
flnwn. Mu1 t i - e l e a e n t  chemical maps der ived from these re-  
mote measurements are  used i n  the  const ruc t ion  o f  evo lu t i on -  
ary  models o f  p lanetary bodies and o f  the  s o l a r  system as a 
whole. The NaI(T1) qamna-ray spectrometer and a gas propor- 
t i o n a l  x-ray spectrometer were f lown over 20% o f  the l una r  
surface dur ing the Apo l lo  15 and 16 missions. These i n s t r u -  
ments measured chemical d i f f e rences  across the boundaries o f  
known luna r  provinces and revealed several new features o f  
1 unar-surface composit ion. Advanced spectrometers which are  
under development f o r  f u t u r e  missions are  able t o  educe much 
more informat ion i n  a given t ime span than the Apo l lo  i n s t r u -  
ments. They may be used i n  poss ib le  fu ture  missions such as 
Lunar Po lar  Orb i te r ,  a Mars o r b i t e r ,  a Mercury o r b i t e r ,  ou ter  
p lanet  sate1 1 i t e  missions, rendezvous w i t h  as tero ids  avd 
cometary nuc le i ,  and surface-penetrat ing p lanetary  probes. 

I n  essence, using the gamna-ray and x-ray techniques together, a l l  major elements, the  
rad ioac t i ve  elements Th, U, and K, and c e r t a i n  t race  elements, espec ia l l y  H, can be ana- 
lyzed w i t h  good s e n s i t i v i t y  and redsonable accuracy. This i s  a s u f f i c i e n t  data s e t  f o r  
most (but  not  a l l )  i nves t i ga t i ons  i n  geochemistry and planetary evo lu t ion .  For as tero ids  
there are two poss ib le  mission modes. 

The l a r g e s t  ob jec ts ,  o f  diameter hundreds o f  k i lometers,  appear t o  be a t  l e a s t  
ra the r  c lose l y  spher ical .  The i r  g r a v i t a t i o n a l  acce lera t ion  i s  such t h a t  i n j e c t i o n  and 
maintenance i n  o r b i t  seems p rac t i cab le  ( t o  a chemist). I t  a l so  seems worthwhi le.  A l -  
though there  a re  as y e t  no p o s i t i v e  i nd i ca t i ons  o f  regional  d i f fe rences o f  composition, 
our kqowledge o f  the  Moon, and o f  t he  va r ia t i ons  i n  v i s i b l e  and I R  spectra among astero ids ,  
suggests t h a t  t h i s  i s  l i k e l y .  

The smal ler  as te ro i t s ,  below some s i z e  l i m i t ,  w i l l  n o t  be so easy t o  o r b i t .  Perhaps 
they w i l l  a l so  be more homogeneous i n  composition. However, i f  they are  fragments o f  
l a r g e r  bodies, they may a l l ow  us t o  sample a v e r t i c a l  p r o f i l e  o f  d i f f e r e n t i a t i o n .  This 
would be very e x c i t i n g .  Technical ly ,  the operat ions people w i l l  have t o  t e l l  us how t o  
"stat ion-keep" around di f fe,-ent  pa r t s  o f  the surface, t o  ge t  the  necessary geochemical and 
geophysical data. 
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The cu r ren t  experimental technique f o r  gamma-ray spectrometry fo l l ows  c l o s e l y  t h a t  
described i n  Haines et al. (1975). Abundances appropr ia te  t o  less  d i f f e r e n t i a t e d  bodies-- 
c lose r  t o  o r  i d e n t i c a l  w i t h  chondri t i c  patterns--would modify t h e i r  Table 1, which i s  
reproduced here, bu t  y i e l d  no surpr ises.  A t  greater  d istances from the Sun t h e  coo l ing  o f  
the Ge de tec to r  becomes easier .  The 51ie new development i s  the  demorstrat ion by Haines 
and Metzger (1978), using Apo l lo  gamma-ray data, t h a t  deconvolution o f  instrument area l  
response, t o  get  c lose r  t o  the t r u e  source nap, can be made p r a c t i c a l .  If t h i s  car. be 
done w i t h  these comparatively noisy, low-reso lu t ion  data, we should be ab le  t o  do much 
b e t t s r  i n  any f u t u r e  mission. Thus the l i m i t a t i o n  o f  areal  r e s o l u t i o n  t o  a value c lose 
t o  the a l t i t u d e  o f  the  spacecraf t  above the surface can be removed. R e s ~ l u t i o n s  as good 
as one- th i rd  o r  one- four th  o f  the  a l t i t u d e  ,nay be a t ta inab le ,  f o r  sharply con t ras t i ng  
chemical provinces. 

Table 1. Calculated Lunar S e n s i t i v i t y  L i m i t s  w i t h  
80-cm3 Germanium Detector a t  100- km A1 t i  tude* 

--- --- 
Observing Time Lunar S o i l  Types -- 

Element I hr 10 h r  100 h r  Highland KREEP Ma r e  
3uMDL 3uMDL 3cMDL (A-16) (A-14) (A-11) 

- 

Th PPm 0.52 0.17 0.052 2.11 14.0 2.1 
U opm 0.12 0.039 0.012 0.58 4.0 0.55 
K % 0.028 0.0087 0.0028 0.096 0.430 0.115 
Fe 7: 7.2 0.70 0.22 4.0 8.0 12.3 
T i  % 0.90 0.23 0.393 0.34 1 .O 4.6 
S i  ;t: 3.4 1.1 0.34 21.1 22.5 2C.C 
0 "N 6.5 2.1 0.65 45.0 44.2 41.6 
A1 ", 5.5 1.8 0.55 14.4 9.2 7.10 
Mg t: 3.0 0.35 0.30 3.3 5.60 4.60 
Ca "; 2 0 6.2 2.0 11.2 7.60 8.60 
c ,:; 5.4 1.7 0.54 - - - 
H x 0.75 0.24 0.075 0.001 5 a. on4 0. 007 
Na ;: 1 .O 0.32 0.10 0.350 0.470 0.32 
Nn 2 1.8 0.56 0.18 0.054 0.100 0.1: 
Ni % 1.2 0.38 0.12 0.045 0.040 0.024 
C r  :: 4.1 1.3 0.41 0.075 0.13 0.195 

i 1  s a 7.3 2.3 0.73 0.060 0.10 0.10 
1 C: g 0.26 0.381 C.026 0.0012 0.010 0.003 

* ' 1  Lu ppm 11 3.5 1 .1  0.5 3.2 1.6 

: 1 ; Gd ppm 250 80 2 5 7 3 h  17 

I 1  ' I :  * H a i ~ e s  e t  a l .  (1976). 
I . 1  - -------- ----- 
1 .. I ' 
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1 
For x-ray spectrornl.l-1, p ropor t iona l  counters s t i l i  appear best, a l though the o the r  

detectors mentioned have not  been ru led out .  An improved so lar  moni tor ,  using a glass 
t e s t  panel o f  known composition, i nse r ted  p e r i b d i c a l i y  i n t o  the f i e ld -o f - v iew ,  ,hould 
mai-kedl y :mprove p rec i s ion  and case o f  i n t e r p r e t a t i o n .  The r e s o l u t i o n  element on the sur-  
face can be narrowed, a' I n  the Apo l le  experinents, by passive sh ie ld ing.  The lower f l ux  
o f  s o l a r  x-rays founl  i t 1  the as te ro id  b e l t  w i l l  slow up the gather ing o f  s t a t i s t i c s ,  but  
not  i n  a t roub lesor r~  way. 



, 

A c r i t i c a l  f a c t  about the  gamna-ray system i s  t h a t  i t s  sampling depth i s  or, the order  
of tens of grams per  cm2, o r  tens o f  cent imeters a t  low dens i ty .  I t  i s  i m ~ o r t a n t  t o  es- 
t ab l i sh ,  If possib le,  the mean th ickness o f  the  r e g o l i t h  on t a r g e t  ~ b j e c t s ,  and the f rac-  
t i o n  o f  "bare" area on t h i s  scale. There a re  p l a u s i b l e  arguments t h a t  the  smal le r  t a r g e t  
objects,  a t  l eas t ,  should have r e q o l i t h s  t h inne r  than tSlis, and perhaps considerable areds 
w i t h  no v l s i b l e  cover ing.  We c : ~ i n o t  y e t  he c e r t a i n ,  

I t  seems t o  be agreed a t  t h i s  meeting t h a t  m u l t i p l e - t a r g e t  wissicns a re  t o  be p r p  
ferred.  This i s  c e r t a i n l y  t r u e  fron, the  gecrchemical b o i n t  o f  view. I t  i s  a l s o  i m r ~ !  t a n t  
t h a t  o the r  obscrvat ions r e q u i r e  ( o r  p r e f e r )  subs tan t i a l  s tav  t imes a t  each ob jec t .  This 
IS important  fo r  g~mna-ray spectrometry--much l ess  so f o r  x-ray ana lys is .  

REFERENCES 

ccuracy o f  the gamna-ray 

oxygen, the  dccuracy f o r  the nlements t ha t  a re  we l l  -determined i s  s e r t a i r , ; ~  on the 
order  o f  5% r n l a t i v e  o r  smewhs: ' . ! t t e r .  For astero 'ds t h d t  a re  i r r e g u l a r  i n  shape. 
the geometrical co r rec t i ons  a1 o i f f i c u l t .  so ;lacing every th ing  on an absolute basic 
may be a l i t t l e  t r i c k y .  But i f  ue normalize t o  a ~ : u j o r  element and n r t e  t h a t  every- 

can be uncer ta in  by la -15 '  i n  the best  medsurdments. : don ' t  know i f  they w i i l  be 
determined b e t t e r  than t h a t  by the t ime t h i s  mission f l i e s .  I n  the case o f  the Moon 
we hdve app l i ed  ground t r u t h  f ac to rs  i n  order  t o  ob ta in  more r e l i a b l e  a n a l y t i c a l  r e -  
su l  t s .  Why no t  use the Moon as gwund t r u t h  because we have flown the A ~ o l  l o  m i s s i c l ?  
You can do tha t .  bu t  ie used what i s  by present day standards a r; the r  i n f e r i o r  i n s t r u -  
ment, so t h a t  co r r c  . t i o n  might n o t  be good enou~h .  For sc18.e elements where you haste 
both :Ire x-ray and garma-ray methods. you call ronlpare one to  the o ther .  Were we lucky 
enough t o  ge t  a gamna-ray spectrum fmm o r b i t  and t o  have Jn dip,),. expe, inlent on the 1 

1 
ground, such a comparison, I th ink ,  would be f r u i t f u l  f o r  both. So the quest ion o f  
no rn~a l i za t i o r l  does in t roduce some p o t e n t i a l  problems amng the major elements. Su. 1 
t h ink  these are the d i f f e r e n t  ways o f  a t t dck ing  ::. 

FANALE: The solar- induced x-ray f l u x  i s  lower i n  the a s t e r o i d  b e l t .  Does t h i s  cause 
problems f o r  the x-ray sys~em? b 

ARNOLD: The count ing 1 im i ta t i ons  o f  the x-ray system are  niuch less than those or . ,: 
\ - 

gamnd-ray system. Both call use a l l  the t ime we can ge;. I am t e r r i b l y  ! la+  1.' . . ~ . , c  
o p t i c a l  pesple say they w i r t  to  be around f o r  a long time, i o  take some 2 f  .:!I. r r c i -  
sure o f f  o r  JS.  TI,; u n i t  o f  x-ray data which was processed on the Moon i s  e ' .t 



8 o r  16 sec. Mu1 t i p l y  t h a t  by nine, t o  account f o r  the decrease ill s o l a r  f l u x  a t  
3 AU, and you s t i l l  have p len ty  of  t ime t o  c o l l e c t  the  des i red data. Having both  
gamna-ray and x-ray experiments i s  useful  f o r  cross-checking and f o r  improving the 
a e r i a l  reso lu t i on  by passive s l , ie ld ing o f  the x-ray detectors and f o r  the p o s s i b i l i t y  
of comparing the mean composit ion over a 30 cm depth, t o  t h a t  oker a f r a c t i o n  o f  a 
m i l l ime te r .  

FANALE: i fould you say something about carbon and hydrogen? 
ARNOLD: A very good po in t .  pecause people are  much more aware c f  the l una r  work we've 

done, the s e n s i t i v i t y  t o  carbon and hydrogen i s  perhaps n o t  we1 1 known. The sensi- 
t i v i  t y  t o  hydrogen i s  e n o m u s  f o r  gamna-ray techniques, e a s i l y  0.1Z. One sees hydro- 
gen i n  two ways, as a neutron capture l i n e ,  and i t  changes the neutron spectrum i n  ? 

rad i ca l  way. I f  you had 1% water o f  hydrat ion,  i f  you had a rock as wet as the t y p i -  
ca l  c rus ta l  basa l t  o r  g ran i te  on the Earth, then you would have q u a l i t a t i v e  changes 
i n  the r Lies and i n t e n s i t i e s  o f  c e r t a i n  l i nes .  This a l s o  extends the depth range. 
One i s  r e a l l y  look ing down d couple o f  meters, because the n e u t r m  economy i s  the 
th ing  t h a t  determines it. We a re  about as sens i t i ve  t o  carbon as we are t o  most 
o ther  elements. There i s  a 4.4 MeV l i n e .  I would say the s e n s i t i v i t y  i s  a percent 
o r  a ;raction o f  a percent. The amount o f  carbqn found i n  tne C: o r  C2 meteor i tes 
would be no problem. 

McCnRD: This i s  a case where two techniques, the o p t i c a l  and the h igher  energy techniques, 
complement eacn other.  Carbon and opaqucs, f o r  example, are mater ia ls  we have d i f f i -  
cu l  t y  d i s t i ngu ish ing  o?:ical l y .  Measuring them 1 i ke t h i s  we can very q u i c k l y  e l i m i -  
nate ambigui t ies.  

CHAPMAN: For the smal l r  ' rpegu lar  as tero ids  you are  l i m i t e d  i n  your  r e s o l u t i o n  to  some- 
th ing  l i k e  a ten th  -.ldius simply by the necessi ty o f  being f a r  enough away t h a t  
you are not  h i t  by a tlrs,ntain. That reso lu t i on  nevertheless seems good t o  me. 

ARNOLD: For a l a r g e r  ob jec t  1 i ke i e r e s  o r  Vesta, we would c e r t a i n l y  want t o  map from 
o r b i t .  That i s  the  way t c  get the u l t i n la te  a e r i a l  res l u t i o n  and t o  work together 
w i t h  the o ther  techniques. For t!.e smal ler  ones, if you are doing stat ion-keeoing,  I 
th ink  you would want t o  concentrate on p a r t i c u l a r  l n te res  t i n g  features. 

NIEHOFF: I would l i k e  t o  c o r m n t  t h a t  the way i n  which one generates coverage, even though 
you are o r b i t i n g ,  i s  not  i n  the t r a d i t i o n a l  sense you t h i n k  of f o r  LPO, f o r  example. 
The asteroids are spinning more r a p i d l y  than your o r b i t  per iod,  so yo11 e s s e n ~ i a l l . '  
peel them l i k e  an apple. The same .hing happens a t  a smal ler  ob jec t  the s t a t  
keeping mode. That i s .  the ob jec t  w ~ q ' t  hold s t i l l  f o r  you unles, you go i n t o  a 
syrchronous o r b i t  about i t  so you can do long dura t ion  observations of  spec i f i c  spots.  
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SOME IMPORTANT IMAGING GOALS FOR ASTEROID MISSIONS 
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Cone 2 2 Unioersi t y  
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This paper discusses f i v e  important  ob jec t i ves  f o r  any imaging 
experiment on a ' t u r e  as te ro id  mission, based on our  cu r ren t  
pre jud ices o f  whac as tero ids  are  l i k e .  These pre jud ices are  
based on ex t rapo la t i ons  from o t t e r  bodies whose surfaces have 
been s tud ied a t  c lose  range by spacecraf t  (most notab ly  the 
Moon, and the  two s a t e l l i t e s  o f  Mars) and on numerous i n d i r e c t  
inferences.  Imaging provides the most d i r e c t  means o f  v e r i f y -  
i n g  whether ac tua l  as tero ids  :onform t o  our cu r ren t  view of  
what they ought t o  be l i k e .  

INTRODUCTION 

This paper out1 i nes f i v e  major imaging ob jec t i ves  o f  any ser ious as te ro id  mission. 

1. Determination o f  volume, mass and mean dens i ty  

2. Search f o r  surface inhomogenei t i e s  

3. Character iza t ion  o f  as te ro id  regc l  i ths 

4. Comparative study o f  c r a t e r i n g  mechanics 

5. Character iza t ion  o f  non-crater surface morphology on ob jec ts  o f  
d i f f e r e n t  composit ional iypes. 

O f  these major ob jec t ives ,  t he  f i r s t  two are  o f  fundamental and c r u c i a l  importance t o  our 
understanding o f  the  nature o f  evo lu t i on  o f  as tero ids .  The f i r s t  i s  proper ly  an imaging 
ob jec t ive ,  s ince t o  determine an accurate mean dens i ty  one needs no t  on ly  the mas,, b u t  
an accurate volume. 

DETERMINATION OF MASS, VOLUME AND MEAN DENjITY 

Probabl:~ the most important  task o f  any as te ro id  mission i s  t o  determine the o b j e c t ' s  
mass and volume. I f  both determinat ions are  made accurately,  t o  w i t h i n  ?lo%, a u s e f ~ l  
merq dens i ty  p c3n be obtained. The obvious impgrtance o f  5 i s  t h a t  i t  t e l l s  us about 
the i n t e r i o r  composit ion o f  the  as te ro id  and appears t o  be the most d i r e c t  means of  reno te l y  
determinina anything about as te ro id  i n t e r i o r s .  

The V ik ing  experience w i t h  Phobos and Deimos (Tolsotl e t  aZ., 1978) as w e l l  as s tbd ies  
nude by the ;ornet Ha l ley  Science Working Group (Belton, 1977) prove t h a t  i t  i s  feas ib le  t o  
ob ta in  accurate masses and accurate volumes, even f o r  very small bodies ( rad ius  11 km). 
I n  t h e  as te ro id  contex t  i t  w i l l  be essent ia l  t o  image the a s t e r o i d  a t  h igh  r e s o l u t i o n  long 
enough on e i t h e r  s ide  o f  1,. -. a n t e r  t o  be ab le  t o  determine i t s  shape artd dimensions accu- 
r a t e l y .  (As t y p i c a l  aster :.,I r o t a t i o n  per iods are  6-8 hours, t he  above r e q ~ i r e m e n t  should 
b ?  easy t o  meet. ) High reso lu t i on  images w i l l  a l so  be useful dur ing a f l y b y  f o r  determin- 
i n g  the  d is tance o f  c loses t  approach which i s  needed i n  order  t o  determine the mass. Of  
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course, t h e  d is tance of c loses t  approach can be determined even more accura te ly  g iven an 
on-board radar. I . :  I 

1 , . 
I. , 

Given an accurate value of  p,  one has obtained some in format ion on the poss ib le  bu lk  j : 
composit ion o f  t he  as tero id .  As shown i n  Table 1, knowledge o f  5 t o  t20Yx o r  b e t t e r  i s  , , 

very usefu l  f o r  d i s t i n g u i s h i n g  d i f f e rences  i n  bu l k  compositions. Some o f  the  important  b 
questions t h a t  can be answered once p i s  known are: I:, 

1. How representutive arc asteroid surfaces of the interiors? 
Surface compositions can be i n f e r r e d  from remote sensing; mean 
compositions from F. What classes o f  as tero ids  h w e  surfaces 
representa t ive  o f  the  i n t e r i o r s ?  What c lasses o f  as tero ids  
have d i f f e r e n t i a t e d  i n t e r i o r s ?  For a g iven c lass  t h i s  might  be 
a func t i on  o f  as te ro id  s i z e  ( rad ius) .  What i s  the  c r i t i c a l  
rad'us? 

2. Are there Large metaZlic cows among thc asteroids.? Chapman 
(1974) suggested t h a t  c e r t 3 i n  l a rge  as tero ids  were s t r ipped-  
down metal 1 i c  cores of 1 arger parent-bodies. Such bodies 
should have h igh  mean dens i t i es .  Knowing w i t h  c e r t a i n t y  t h a t  
100-200 km ~ w t a l l i c  core5 d i d  form i n  the as te ro id  be1 t would 
be important  in format ion.  

3. Are there smlt ,  low density objects i n  the asteroid  be l t ?  
I f  soldie small as tero ids  (1  5 r 5 10 km) are  present which 
a re  not  fragments o f  much l a r q e r  bodies, then i t  i s  conceiv- 
ab le  t h a t  some may have very low dens i t i es  ( p  <.: 2 q /cn3) .  
For example, f i n d i n g  a F 1 g/cm3 ob jec t  would no t  on l y  i n d i -  
ca te  t h a t  t h i s  i s  probably a p r i m i t i v e  ob jec t  but  would prov ide 
informat ion ?')out t he  acc re t i on  mechanism o f  small bodies. 

1 i ; I t  should be noted t h a t  sophisticated measurements could y i e l d  data on the mass d i s -  I ' . 
t r i b u t i o n  w i t h i n  the ob jec t .  I t  would be o f  i n t e r e s t ,  espec ia l l y  f o r  s r a l l  i r r e g u l a r  4 .  . f 
as te ru ids ,  t o  see whether the mass d i s t r i b u t i o n  i s  homogeneous ( i . e . ,  do the centers of ; f i g u r e  and o f  ntass co inc ide?) .  Large dens i ty  inhomogenei t i e s  i n  the case o f  a small,  i .  1 *- 

i i  i i r r e g u l a r  as te rc id  would i n d i c a t e  t h a t  i t  i s  a fragment of a l a rge r .  d i f f e r e n t i a t e d  ob- I + 

j ec t ,  o r  t h a t  i t  i s  an accre t iona l  composite. t . . 

Table 1. Dens i t ies  o f  Meteor i tes ( a f t e r  Wasson, 1974) 
P ------- 

Meteor i te  Type Densi ty (g/cm3) 
-------- - - 

Carbonaceous Chondri tes  
C I 
r ' 
* J ,  CO 

Ordinary Chondri tes  3.4 - 3.6 

Ensta t i  t e  Chondri tes  3.5 - 3.8 

Achondri t es  3.1 - 3.4 

Stony- I rons 

I rons 



SEARCH FOR SURFACE I NHOMOGENE 1 ' I ES 

High r e s o l u t i o n  imaging i s  needed t o  lcok  f o r  evidence o f  v a r i a t i o n  i n :  

1  . morphol oqy 
2. t e x t u r e  
3. composit ion 
4. age 

over the  sur face o f  an a s t e r o i d  a t  var ious scales.  Surface morphology can be charac ter -  
i zed  i n  terms o f  the types o f  sur face fea tures  v i s i b l e ;  d i f f e rences  i n  sur face tex tu re  can 
be determined by photometry; d i f f e rences  i n  sur face composi t ion can be searched f o r  by 
means o f  c o l o r  measurements; d i f f e rences  i n  age can be found from c r a t e r  counts. 

Such v a r i a t i o n s  cou ld  a r i s e  from i n t e r n a l  a c t i v i t y .  I t  i s  c l e a r l y  very in lportant  t o  
look f o r  evidence o f  i n t e r n a l  a c t i v i t y  on the surfaces o f  100-200 km as te ro ids  and t o  
study the  s t y l e  o f  t h i s  a c t i v i  t j  and deternl ine the t ime o f  i t s  occurrence. There i s  s t rong  
evidence t h a t  " lava f lows" have occurred on the burface o f   vest^ (Drake and Consolmagno, 
1977). b u t  a r e  the  surfaces o f  s n w l l e r  as te ro ids  t o t a l l y  devc i d  o f  any t races o f  i n t e r n a l  
a c t i v i t y ?  

Surface v a r i a t i o n s  coa ld  a l s o  a r i s e  from la rge  c r d t e r i n g  events and from spa1 l a t i o n  
( i . e . ,  knocking away a  s i g n i f i c a n t  f r s c t i o n  o f  .?n as te ro id  du r i ng  a  ca tas t roph i c  impact) .  
Current  p re jud i ce  holds t h a t  i n  the case o f  l a rge  as tero ids  such severe impacts were comnon 
on l y  du r i ng  the f i r s t  1  b i l l i d n  years o r  so o f  the s o l a r  system's h i s t o r y .  Thus, we 
shou ldn ' t  expect t o  see any evidence o f  " recent "  la rge-sca le  impacts on the surfaces o f  
as tero ids .  b u t  t h i s  i s  s t i l l  worth checkiny i n t o .  

Var ia t ions  i n  sur face co~ilposi t i o n  c r ~ u l d  a l s o  be evidence f g r  f ragnlentat ion from a  
l a rge  parent  body. F3r example i t  ~ o u l d  be o f  g rea t  i n t e r e s t  t o  d e f i n i t e l y  e s t a b l i s h  t h a t  
some 50 km a s t e r o i d  was once a  fraqment o f  a  much l a r g e r  pal-ent body. 

CHARACTERIZATION OF ASTEROID REGOLITHS 

Our present understand1 ng o f  how rego l  i ths a re  generated and maintained on small 
bodies i s  very poor. There i s  good evidence t h a t  as tero ids  as small a, 1  km i n  rad ius  
have some s o r t  o f  r e g o l i t h s ,  w h i l e  the two s a t e l l i t e s  o f  I.lars are  known t o  have r e 1  l- 
developed rego l  i ths even though the ob jec t s  are  on ly  some 10-20 kni across (c,.ti., Veverka, 
1978). The a b i l i t y  o f  a  body t o  r e t a i n  a  r e g o l i t h  should be p r i m a r i l y  a  f unc t i on  o f  sur -  
face g r a v i t y  dad hence o f  the  body's s i ze .  iiowever, l abo ra tc ry  exoer in~ents suggest t h a t  
the naCure o f  t h ~  :urface may a l so  p lay  an i r ,~pc r tan t  r o l e  i n  the evo lu t i on  o f  r e g o l i t h s  
(c.~. , Chapnlan, I:':cI!. Thus, an important  advance i n  our  understanding o f  r e g o l i t h s  w o l ~ l d  
occur i f  we cou ld  conipare the surface c h d r a c t ~ r i s t i c s  o f :  

1. Two as tero ids  o f  s i m i l a r  co~npos i t ion  b u t  o f  v a s t l y  d i f f e r e n t  
s ize .  For exan~ple, two S ob jec ts ,  one w i t h  a  rad ius  o f  5 km, 
the o the i  w i t h  a  rad ius  o f  50 km; 

2. A t  l e a s t  two as te ro ids  o f  comparable s i z e  ( a c t u a l l y  s i n i i l a r  q )  
b u t  o f  w ide ly  d i f f e r e n t  composit ion. For example. a  C ob jec t  
and an M ob jec t ;  o r  a  C o b j e c t  and an S ob jec t .  

The o n l y  s r l ~ l l  ob jec ts  f o r  which we have i i r e c t  i n f o r  t i o n  about the s:rrfaces are  
the two s d t e l l i t e s  o f  Mars. However, i t  has been arpued t h d t  the surtaces o f  these two 
bodies may n o t  be representa t ive  o f  those as tero ids  o f  s i n i i l a r  s i z e  s ince Phobos and Dei~r~os 
are i n  the p o t e n t i a l  w e l l  o f  Mars. Soter  (1972) has argued t h d t  t h i s  c i rcur l~stance helps 
the two nurt. ian s a t e l l i t e s  recdpture a s i q n i f i c a n t  f r a c t i o n  o f  the eject,\ thrown o f f  t h e i r  



surfaces by impacts. The i n v e s t i g a t i o n  of  a  s i n g l e  20 km C as te ro id  would reso lve * h i \  
i ssue once and fo r  a l l .  A second-order i n v e s t i g a t i o n  which would he lp  our  understanding 
of how r e g o l i t h s  a re  re ta ined  on small bodies would cons i s t  o f  comparing thz  surface 
p roper t i es  of two as tero ids  of s i m i l a r  s i z e  and composition, one o f  which i s  nea r l y  spher- 
i c a l  and has a  long r o t a t i o n  per iod,  wh i l e  the  o the r  i s  i r r e g u l a r  and has a  sho r t  r o t a t i o n  
per iod.  

A f i r s t  o rder  cha rac te r i za t i on  of reg01 i t h  p rope r t i es  can be obtained by means o f  
photometry and h igh  r e s o l u t i o n  images. Photometry w i l l  g i v e  i n fo rma t ion  on the texturc. 
of the surfqce and on the l a t e r a l  homogeneity o f  the r e g o l i t h .  High r e s o l u t i o n  images 
should r e v t ~ l  the  presence o r  absence o f  e j e c t a  blocks, f i l l i n g - i n  of  impact c ra te rs ,  and 
poss ib le  near-surface l aye r ing  exposed i n  c r a t e r  wa l l s .  From the morphology of  small 
c ra te rs  one should be able t o  determine the r e g o l i t h  th ickness as was done i n  the lunar  
context  by Quaide and Overbeck (1968). 

COMPARATIVE STUDY OF CRATERING YECHANICS 

The mechanics of  h igh  v e l o c i t y  impact c r a t e r i n g  a re  no t  p e r f e c t l y  understood. I t  
appears t h a t  g r a v i t y  e f f e c t s  have a  dominant i n f l uence  on c r a t e r  morphology (given a  cer-  
t a i n  impact energy) bu t  mechanical c h a r a c t e r i s t i c s  o f  the  ta rge t  ma te r ia l  a re  a l so  Impor- 
t an t .  Hartmann (1972) has proposed a  g r a v i t y  dependent c r a t e r  morphology sequence i n  
which c r a t e r  morphology scales e s s e n t i a l l y  as g - I .  Thus, f o r  example, Hartmann proposes- 
t h a t  cen t ra l  peaks w i l l  occur i n  c r a t e r s  10 times smal le r  on a  body ~ h c s e  g = 100 cm/secA 
than on the surface o f  one whose g = 10 cm/sec2. Other g r a v i t y  ef fects have been discussed 
by Gaul t e t  at .  (1975; i n  the case o f  Mercury and the  Moon: f o r  example, semicontinuous 
e jec ta  blankets should occur c lose r  to  the c r a t e r  r i m  if g i s  high. Comparative s tud ies  
of the c r a t e r  morphology on d i f f e r e n t  as tero ids  prov ide a  unique means o f  t e s t i n g  such 
g r a v i t y  sca l i ng  ideas, as we l l  a$ the poss ib le  impdrtance o f  the mechanical p roper t ies  o f  
the  ta rge t  mater ia l .  

I d e a l l y .  one would l i k e  t o  compare the  morphology o f  c ra te rs  (depth/diameter r a t i o ,  
diameter a t  which cen t ra l  peaks occur, ex tent  o f  e jec ta  blankets,  he igh t  o f  c r a t e r  ram- 
par ts ,  the occurrence and ex ten t  o f  ray systems) on: 

a. as tero ids  o f  siai i  l a r  surface g, bu t  very d i f f e r e n t  surface 
composit ion (e.g., a  C ob jec t  and an M ob jec t ) ;  

b. as tero ids  o f  s i m i l a r  composit ion ( e . g . ,  t'vo S o b j e c t s ]  b u t  
w i t h  very d i f f e r e n t  g ' s  (e.g., 20 cm/sec7, and 2 cm/sec2). 

Such experiments, espec ia l l y  when compared w i t h  previous r 2 s u l t s  on the l a r g e r  p lanets and 
on Phobos and Deimos would provide a  c r u c i a l  t e s t  of  our unaerstanding of  impact c ra te r i ng .  

CHARACTERIZATION OF NON-CRATER SURFACE FEATURES 
ON OBJECTS OF DIFFERENT COMPOSITIONS 

I n t e r e s t i n g  non-crater surface features almost c e r t d i n l y  occur on the surfaces of 
some asteru ids ,  and conta in  important  i n f o r n ~ a t i o n  about the evo lu t ionary  h i s t o r y  o f  these 
ob jec ts .  Three poss ib le  examples are: 

1. Lava f l ~ ~  on object8 w i t h  aclaondritic surfiaccs. The s t y l e .  
ex tent  and age 3 f  such f lows are o f  g rea t  i n t e r e s t ,  as i s  any 
evidence o f  the poss ib le  f l ood ing  o f  l a rge  c ra te rs .  

. ,  ' 1  
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2. Cr9ove patterns associated wi th l o g e  cRZt.8~8 on s m l t  C objects. 
I t  has been suggested t h a t  pat terns  of grooves s i m i l a r  t o  those 
found on Phobos may be comnon on the surfaces o f  many small,  
mechanically weak as tero ids  (Veverka e t  a t .  , 1977). Any e v i -  
dence o f  i n t e r n a l  mod i f i ca t i on  of  such grooves would be of  g rea t  

3. fhausuat surface features on M objects? I n  view o f  the  ma1 l e a b i  1 i t y  
and h igh  t e n s i l e  s t reng th  o f  n i cke l - i r on ,  one might expect some 
unusual morphology on the  surfaces o f  M objec ts ,  i f  they a re  t r u l y  
m e t a l l i c .  

CONCLUSIONS 

I 
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DISCUSSION 

MATSON: I s  measurement o f  dens i ty  the on l y  way t~ ge t  i n t e r n a l  ~ t r u c t u r e ?  
VEVERKA: Densi ty i s  t h e  on l y  p r a c t i c a l  way I see i n  t h e  next  20 years. I t  i s  much more 

d i f f i c u l t  t o  do a  seismic expel'iment. You have t o  l a r d  a  seismic net .  I don ' t  be- 
l i e v e  we can do t h a t  now. 

FANALE: You made a very o p t i m i s t i c  statement t h a t  we would f i n d  ou t  something about zonal 
s t r u c t u r e  from t rack ing .  

VEVERKA: It i s  a  d i f f i c u l t  t h i n g  t o  do and depends, i n  p a r t .  on being lucky.  
MORRISON: Could you p u t  the  mass determinat ion i n  a  l i t t l e  t,tter perspect ive  f o r  me? \ 

For ob jec ts  tne s i z e  o f  Ceres and Vesta, i t  i s  q u i t e  easy t o  determine mass by going 
i n t o  o r b i t .  But  f o r  a  k i lometer -s ize  comet nucleus, i t  i s  hard. Where does the 
crossover take p lace and how do you go about making accurate measurements fo r  small 

b 

bodies? 
VEVERKA: Fly impression i s  t h a t  f o r  a l l  rendezvous missions mass determinat ion i s  a  r e l a -  

t i v e l y  t r i v i a l  matter .  Nor am I suggesting t h a t  i n  the case of  Ceres i t  w i l l  be d i f -  
f i c u l t  t o  determine the volume. Most of  what I have Seen saying about the need t o  
measure volume accura te ly  r e a l l y  app l ies  t o  the smal ler  main b e l t  as tero ids  where i t  
i s  d i f f i c u l t  t o  determine the  volume because o f  t h e i r  i r r e g u l a r  shapes. 

ANDERS: Could you d i s t i n g u i s h  complex accre t ionary  s t ruc tu res  from those produced by 
l a t e r ,  very la rge-sca le  b r e c c i a t i o n  events caused by i n t e r  as te ro id  co l  1 i s i ons?  I 

1 
CHAPMAN: T h e r e i s a b i g d i f f e r e n c e i n t h e v e l o c i t y r e g i m e a t w h i c h t h e i m p a c t h a s t a k e n  I 

place. During acc re t i on  the v e l o c i t y  must have been much smal ler .  
SHOEMAKER: I n  the  contex t  o f  t h i s  meeting, I don ' t  know anything t h a t  we could l e a r n  

about accre t ionary  s t ruc tu res  w i t h  the o p t i c a l  reso lu t i ons  tha t  have been discussed 
here. I am convinced t h a t  i f  you cou ld  r e a l l y  i nves t i ga te  a  small body w i t h  the same 
techniques used i n  manned lunar  missions, i t  would be e x t r a o r d i n a r i  l p  i n t e r e s t i n g .  
Many questions cou ld  be addressed. You cou ld  take a  proper sample and images w i t h  a  
wide range of  scales which would enable us t o  address t h e  quest ion  o f  accre t ionary  
s t ruc tures .  R igh t  now I c a n ' t  g i ve  you any o f  the d e f i n i t i v e  c r i t e r i a ,  but  I have a  
hunch t h a t  i n t e r e s t i n g  s t ruc tu res  a t  the  scales o f  tens of centimeters, meters, and d 

tens of  meters are  there  t o  be found. 
I .  
1 

I 
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The possi  b i  1  i t y  and desi  ra t j i  1  i t y  o f  sc ier~ce on hard lander 
~n i ss ions  t o  as tero ids  are  examined using the Westphal Pene- 
t r a t o r  Study ar. a  basis.  Imagery and chemical i n fo rma t ion  
appear t o  be the most s i g n i f i c a n t  science t o  be obtained. 
The l a t t e r ,  p a r t i c u l a r l y  a  de ta i l ed  chemical ana lys is  per-  
formed on an uncontaminated sample, may he necessary t c  
unequivocal ly answer quest ions about the re1 a t ionsh ips  of 
as tero ids  t o  meteor i tes and the p lace o f  as tero ids  i n  
theor ies  of the  formation o f  the s o l a r  system. 

INTRODUCTION 

A few ph i losophfca l  comments a rc  perhaps p e r t i n e n t  r e l a t i v e  t o  the general sub jec t  of  
shop: the  study o f  as tero ids .  There i s  a  frame 9 f  t h i n k i n g  about a l l  un inves t i -  
ec ts  o f  the  s o l a r  system t h a t  r e l a t e s  them t o  the meteor i tes t h a t  we have a v a i l -  
i n t e n s i v e  study i n  our l abo ra to r i es .  Th i s  i s  c e r t a i n l y  a  p r a c t i c a l  zero order 
- -meteor i tes do represent a  ra the r  d iverse s e t  of  ob jec ts ,  ana, as previous papers 
n, o p t i c a l  observat ions prov ide c o r r e l a t i o n s  t h a t  a1 low c l  dssi  f i c a t i o n  of  as ter -  

types t h a t  might  correspond t o  the meteor i tes we have i n  the labolqatory.  

he o the r  hand, i t  may be reca l l ed  t h a t  none o f  t he  three s o l a r  system ob jec ts  t h a t  
nvest igated i n tens i ve l y - - the  Earth, Moon, and Mars--have turned out  t o  be s imply 
o any meteor i te  c lass .  This, i n  s p i t e  o f  speculat ions about t h e  Moon and Mars, 
t o  t h e i r  i n t e n s i v e  i nves t i ga t i ons ,  t h a t  tended t o  f o l l o w  the same pathways as the 
iscussions about as tero ids .  

Thus, w i thou t  minimiz ing the meteor i te  framework of  t h ink ing  about as tero ids ,  l e t  us 
minds open f o r  the  types o f  surpr ises  t h a t  were uncovered i n  tne  i nves t i ga t i ons  o f  

the Moon and Mars. 

S i m i l a r l y ,  a  more d e t a i l e d  framework o f  t h i n k i n g  about the s o l a r  system i s  b u i l t  about 
o f  v o l a t i l i t y ,  o r  inverse ly ,  condensation. Whether o r  no t  t h i s  tu rns  ou t  t o  be 
a l ,  i t  i s  usefu l  i n  focusing a t t e n t i o n  on the concentrat ions o f  a  few key elements. 
me time, here too, we should no t  r e s t r i c t  ourselves a t  t h i s  stage t o  analyzing j u s t  

maqic key elements, o r  we run the  danger o f  missing the important  new knowledge 
t h a t  t he  study o f  new ob jec ts  may provide.  

285 

-. 4 T " - - .  - . , - -;-.lT.- -.. . -  .,- -----i --L-, 2. -1 j & _  - 

0 



I ,  

1 - -  A 

I' 

I ' . ,  1 .. 
A second general po ln t ,  w i t h  s p e c i f i c  relevance t o  the  t o p i c  o f  t h i s  paper, i s  the  

r o l e  o f  hard landers i n  the study o f  an e x t r a t e r r e s t r i a l  ob jec t .  A general c l a s s i f i c a t i o n  
o f  i nves t i ga t i ons  o f  such ob jec ts  might  be ordered as i n  Table 1. 

) . I  ~' 
. p i t  

, , 
- 4  

- ,  

Table 1. C l a s s i f i c a t i o n  o f  E x t r a t e r r e s t r i a l  Object I nves t i ga t i ons  I 
1. Earth-based Studies 

2. Studies f r u m  Near-Earth O r b i t  

3. Flybys 

' 1  

* .  i 
> L 

: 

b 

, . - 1 ' ;  

i 
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4. Object  Orb i te rs  

t 

. 
C 

4 

I .  

. , 

. .  . . 

than many o thers  i n  t h i s  workshop. The authors have knowledge o f  on l y  one i n tens i ve  study 
o f  t k  p o s s i b i l i t y  o f  doing science on hard landers, namely the  F i n a l  Report and Recowmen- 

5. Hard Landers 

6. Soft Landers 

7. Sample Return 

I 
, , 

I n  t h i s  l i s t ,  there  i s  some experience r e l a t i v e  t o  each o f  these modes of  exp lo ra t i on  
except f o r  Number 5. Thus, t he  top i c  o f  t h i s  paper has less  concrete data t o  support  i t  

t '  

$, 

1 du t ions of the  Ad Hoc Surface Penet ra t ion  Science Corntilttee (Westphal, 1976), which was 
! d i rec ted  mainly towards Mars exp lora t ion .  

j Rest Position 
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Fig.  1. Sequence fo r  penet ra tor  emplantation. 
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I n  addl t i on ,  t he re  have been less  ex tens ive  s tud ies  o f  o the r  hard lander types o f  
missions; we w i l l  base our  remarks on the  poss ib i  1 i t i e s  o f  science using penetrators-  
ob jec ts  t h a t  a re  dropped from an o r b i t i n g  o r  f l y b y  type o f  vehic le,  which have s u f f i c i e n t  
brak ing power t o  reduce t h e i r  impact v e l o c i t y  t o  about 0.1-0.2 kmlsec. The penet ra tors  
t y p i c a l l y  w i l l  cons i s t  o f  two parts--a forebody which i s  a torpedo-type o b j e c t  which pene- 
t r a t e s  and comes t o  r e s t  1-10 m below the surface and which contains most of  the  science 
payload, and an afterbody which remains on the  surface, provides communication w i t h  t!le 
mother veh ic le  ( o r  Earth) ,  and has minimal science (Manning, 1977) (see F iguro  1 ). 

The f i gu re  shows a schematic wission sequence considered by the Westphal Comni t t e e  
fo r  a Mars Penetrator. Table 2 (again from the  Westphal r e p o r t )  shows nominal Mars Pene- 
t r a t o r  cha rac te r i s t i cs .  Note the small science payload--7 kg-- t h a t  presumably wi 11 always 
be c h a r a c t e r i s t i c  o f  such hard landers. 

Tahle 2. Nominal Mars Penetrator  ~ h a r a c t e r i c t i c s ~  

Complete Penetra t o r  
Weight 31 kg 
Pr incsps l  Diaaeter 9 cm 
Frontd l  Area 64 cm2 
Sect ional  Densi ty 3.5 kg/cm2 
L ~ ~ g t h  140 cm 

b 
Pay 1 oad 

Ueight  7 kg 
Yo 1 ume 4500 cm3 
Power Output (RTG) 0.3 wa t t  
Bat tery  Supplement 1.0 wa t t  h r l day  
Data Storage 2 x l o 5  b i t s  

Forebody Probe -- 
Weight 28 kg 
P r inc ipa l  Diameter 9 cm 
Fronta l  Area 64 cm2 
Sect i ona 1 Dens i ty 0.5 kg/cm2 
Length 123 cm 

Detachable Afterbody 
Weight 3 kg 
P r i n c i p a l  Diameter 23 cm 
Fronta l  Area 350 cm2 
Sect i ona 1 Dens i t y  0.01 kg/cm2 
Length 28 cm 

a ~ r o m  F ina l  Report and Recomnendations o f  the  Ad Hoc 
Surface Penetrator  Science Committee !.!.A. Westphal , 

bChairman, August 1976). 
Includes science and support ing e lec t ron i cs .  

-. 

given t o  prov ide some general framework f o r  t a l k i n g  about hard land ing missions t o  as te r -  
oids. I t w i l l  be assumed t h a t  t he  type o f  science t h a t  was ccnsidered by the Westphal 
Committee f o r  a Pevet ra t ion  Mission t o  Msrs i s  renresenta t ive  o f  the  type o f  science t h a t  



A f i n a l  genersl  c o m n t  might  be made about the  appropr iateness o f  hard landers i n  
the study o f  as tero ids .  An important  c h a r a c t e r i s t i c  t h a t  has been es tab l ished about as te r -  I- ! , 
o ids  i s  t h a t  there  a re  several  s i g n i f i c a n t l y  d i f f e r e n t  types, as judged by the observa- 1 
t i o n a l  techniques a v a i l a b l e  so f a r  (McCord, 1978; Morrison, 1978). Thus, a s t e r o i d  missions . 
i n  the  foreseeable f u t u r e  a re  t y p i c a l l y  thought o f  as i n v ~ l v i n g  i n v e s t i g a t i o n  o f  several  
as tero ids- - th ree,  four, o r  more--on the same mission.  Since such a  miss ion  may very we l l  
i nvo l ve  a  f l yby  o r  r e l a t i v e l y  short- term encounter w i t h  each as te ro id ,  there  i s  a  premium 
on the  type o f  science t h a t  r I be performed on several  as te ro ids .  The empldntat ion o f  
one o r  w r e  penet ra tors  un c :k a s t e r o i d  as the mcther veh i c le  passes by i s  an a t t r a c t i v e  

I'  feature o f  a  miss ion  c i r r y i n g  penet ra tors .  I t  cou ld  p rov ide  much more i n fo rma t ion  than 
could be obtained by remote sensing; a lso,  i t  would not  have the  weight  requirements of 
ldnd ing a  Surveyor o r  V i k i ng  type spacecra f t  on each as te ro id .  

' I  - 
1; ' 
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Before going i n t o  the science possi  b i  1  i t i e s ,  the authors must make the obvious caut ion-  
ary  statement: the on1 y  p r a c t i c a l  and eng ineer i  tig aspects t h a t  have bcen considered are  
the assumptions t h a t  the Westphal Penet ra tor  s tudy- -d i rec ted toward Mars--represents a  
zero- th  order  approximation f o r  the c a p a b i l i t y  o f  a  hard lapd ing science miss ion  t o  , ' tster- 
o ids .  

One more comnent about penet ra tors  as a  s p e c i f i c  type o f  hard lander; one o f  t h e i r  
c h a r a c t e r i s t i c s  i s  t h a t  they examine ma te r i a l  t h a t  i s  some d is tance (1-10 m) below the 
surface. This has spec ia l  science i m p l i c a t i o n s  and i s  1-1 c o n t r a s t  t o  the type o f  infonna- 
t i o n  ob ta i red  by o p t i c a l  and x-ray techniques, e i t h e r  from Ear th  o r  on f l y b y  o r  o r b i t a l  
missions. The topmost sur face o f  i n  e x t r a t e r r e s t r i a l  o b j e c t  may be modi f ied so as t o  be 
s i g n i f i c a n t l y  d i f f e r e n t  fror t h a t  o f  the ma te r i a l  :reper down. This m o d i f i c a t i o n  may be 
due t o  i n t e r a c t i o n  w i t h  the atmosphere o r  w i t h  i n t e r p l a n e t a r y  r a d i a t i o n s  o r  p a r t i c l e s ,  and 

POSSIBLE HARD LANDER SCILNCE 
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I n  consider ing the poss ib le  s c i e n t i f i c  r e s u l t s  t ha t  might  be achieved o: a penet ra tor  1 
on aq as te ro id ,  t h i s  paper s t a r t s  from the r e s u l t s  o f  t he  Wectphal Conmittee. Table 3 1 
l i s t s  ( w i t h  a  l i t t l e  adapta t ion)  the t yu t s  o f  meas~remerts t h a t  a re  considered p r a c t i c a l  an 1 , 
such a  mission.  

may produce bo th  phys i ca l  and chemical e f f e c t s .  An example i s  the permafrost  expected by 
many t o  be present below the sur face o f  Mars, whereas the  sur face examined by V i k ing  wds 

I very dry.  Penetrators are  e s p e c i a l l y  su i t ed  f o r  de tec t i ng  such e f fec ts .  I 

Table 3. Poss ib le  Astero id  Hard Lander ,cience 
( a f t e r  Westphal , 1976) 

- -- - - -. - -. - -- - . - . - . - . . - . . . . - - 
Probe F o r e b ~ d y  

. . . . - . . - . - - . - - - . 

Se ismic i ty  

Chemical Lunlposi t i o n  

- - - -  ~ 

Detachable Afterbody 
- - - - - - - - - - .  - .  . .  

lmayery 

Ne3t'-Space En~ironl !~t .nt  

I i I I  Hydrogen; Water Measuren~ents Maqnetic Propert ie: 

I i i l  Heat t low 
. - . - . . - - - - - - - . . . . . . - .  . . . . . .  

1 
\ 

The Wes~phal Co~rini t t e e  considered i t p r a c t i c a l  t o  have sollie i . laq i  ng c . l p ~ b i  1 i t i e s  on ! i 
the a f te rbody,  ever; tl.;nut;h the acce le ra t i on  experienced would bt appt.ecldbl y  g rea te r  than 
on the penet ra tc r  foreboay i t s e l f .  The he ight  from which p i c t u r e s  could be obtait led would 
be small,  b u t  the s c i e n t i f i c  i n f o r w t i o n  would be s i g n i f i c a n t .  I t  would bear no t  on l y  on 
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the  pldcesses occu r r i ng  on the  a s t e r o i d  sur face ( s . g . ,  c r ~ t e r i n g ,  presence o r  absence o f  a 
reg01 1 t h )  b u t  e l  so cou ld  a f f ec t  the i r l t e r p r e t a t i o n  o f  renote  sensing measurements such as 
radar r e r i e c t i v i  ty .  

Heasurements cou ld  a l s o  be made i n  the  af terbody on the  near-space environment o f  the 
as tero id .  For example, the  s teady-s ta te  presence o f  gases and ions could provide informa- 
t i o n  on the  degassing o f  the  o b j e c t  even i f  no, o r  m,rlimal, mass anslyses were invo lved.  
 similar!^, the  presence o f  magnetic ma te r i a l  on the  s ~ . , f a c e  o f  the  a s t e r o i d  cou ld  be estab- 
l i s h e d  ( t o  the  l e v e l  performed by Sut~veyor o r  V i k i ng )  using p r i m i t i v e  imaging capabi l'l t i e s .  

I 
The dcce le ra t i on  p r o f i l e  on the foiebody probe o f  a penet ra tor  as i t  came t o  r e s t  i n  

the subsurface ma te r i a l  should be a very s e n s i t i v e  d i s t i n ~ u i s h i n g  i n d i c a t o r  between the 
d i f f e r e n t  classes of meteor i tes  t h a t  a re  proposed as models f o r  as tero ids  ( p a l l a s i t e s ,  

i . i 

ord inary  chondr i  tes and carbon~ceous chondr i  t e s ) .  I n  fac t ,  p lanning fo r  the complete range 
of mechanical p rope r t i es  represented by such models may represent a s i g n i f i c a n t  c o n s t r a i n t  
on a miszion planning t o  go t o  d i f f e r e n t  as tero ids .  

The m p l a n t a t i o n  o f  a seismometer by penet ra tors  has, i n  the past ,  been a p r i ~ ~ r e  reason 
fo r  advocating such missions t o  t e r r e s t r i a l  type bodies. The usefulness o f  seismometers on 
as tero ids  i s  no t  so obvious. The very low s e i s m i c i t y  o f  the Moon, and the paucit:! ( i f  any) i ' of res . , l t s  from V ik ing  cm Mars, make dirn the prospects f o r  s i gna l s  from dn instrument OII an 
as tero id .  Before d ismiss ing  such measurements completely. however, more complete ana l ys i s  
should be made o f  the p o s s i b i l i t y  t h a t  seismic signal: cn an as te ro id  would be er hdnced due 
to, f o r  example, an increased frequency o f  impacts by nearby massive ob jec ts .  Also, the 
engineer ing p o s s i b i l i t i e s  o f  ob ta in ing  s i g n i f i c a n t  seismic i n f o m a t '  r r ;  by s e t t i n g  o f f  ex- 
p l o s i v e  charges on an as te ro id  a f t e r  seismometer ~ m p l a n t a t i o n  should be examined (Wood, 
persona 1 comnuni ca t i on, 1978). 

Perhaps the most s i g n i f i c a n t  s c i 2 n t i  f i c  r e s u l t  t h d t  ,oula ~on le  from a penet ra tor - typ? 
mission t o  an as te ro id  would be the more complete chemical c h a r a c t e r i z ~ t i o n  tt-:n can be 
deduced from e i t h e r  Earth-based, E a r t h - o r b i t  o r  f l y b y  observat ions.  As i i d ' c a t e d  i n  the 
i n t roduc t i on ,  such remote observat ions p r  . i d e  the f i r s t  gross c l a s s i f i c a t i o n  o f  an o b i e c t  # 

from in format ion  e i t h e r  about the  mo;t abundant n l in - ra ls  o r  about <.me s o e c i f i c  chemicdl 
eln..ents t h a t  a re  i d e n t i f i e d  (Haines s t  a ? . ,  1976). The experievc. or! the Moon and Mars ha: 1 ; 

stlown t h a t  a complete chemical ana l ys i s  provides surpr ises  and dc td i l ;  no t  ob ta inab le  by 1 

such remote sensing devices. O f  cout :-, the u l t i m a t e  technioue--sample ro turn- -can be ex- I 

pected t o  be even more product ive,  es:. x i a l l y  as regards ch?onological and o ther  i s o t o p i c  

Because o f  the  p o t e n t i a l  o f  t h i s  chemical dr?r~crzCI, i t  i s  f o r t h  fucusing on some p r a r -  
t i c a l  d e t a i l s  as we1 1 as on some d e t a i l v d  r e s u l t s  tha: r,i(lht be sxpected. i 

Table 4 sumnarizes the techniques t h a t  have been c,\nsidered f o r  a pcne t ra to r - t ype  
mission f o r  s tudy inq the chemical cornposition and chemical scate o f  the ma te r i a l  around an 

e t r a t o r .  I n  a l l  f o v r  cases, there  i s  some ev idmce  t h a t  the hardware invo lved 

\ 
can su rv i ve  tne  dece lera t ions  i n v o l v l d  i n  emplantat ion.  The f i r s t  two techniques a easure 

a i n i n g  an una l te red sample. i s  needed. Somf* work has been L ~ n r  i n d i c a t i n g  t h a t  
such a sample a c q u i s i t i ~ n  system i s  p r a c t i c a l .  I n  t h r  cdbe ~f bard id1i1er.s c;t'ler than 
penetrators,  t h i s  uncontaminated sample acou is i  i isr l  may be eve11 5 i ~ l l ~ l e r  to  a-compl i s h .  
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Table 4. Possible Techniques f o r  Studying Chemical S ta te  and 
Composition on Penetrator  Missions t o  Astero ids  - 

1 .  I n  sCtu Ganna-Ray Measurements 

a. "Natural"  Rad ioac t i v i t y  of  Surroundings (K, Th, U) 

b. Nuclear Processes Induced by Cosmic-Rays o r  RTG Neutrons 
(e.g., 0, Si, Fe, H I  

i Thermal Neutron Measurements 

(Sens i t i ve  t o  H) 

3. Chemical Analyses o f  Procured Sample 

;A1 1 p r i n c i p  .' chemical elements except H; se lec ted minor and 
t race  elements. ) 

4. Analyses of  Sta te  o f  Water i n  Procured Sample 

("Free-water," absorbed water, water o f  hydrat ion,  chemical ly  
bound water)  

they would prov ide data on the concent ra t icn  of a r e l a t i v e l y  v o l a t i l e  element, potassium, 
and o f  the  r e f r a c t o r y  elements, uranium and thorium. I n  add i t i on ,  t he  data would bear on 
the rad ioac t i ve  heat product ion  i n  the as tero id .  

I f  the gamma-ray measurement cou ld  be extended t o  include, e.g. , S i  , Fe and H (making 
use o f  t he  neutrons from the  RTGs o r  cosmic-rays), t he  d i sc r im ina t i on  between candidate 
meteor i te  classes would be complete. Again, i n  somewhat more basic terms, the cha rac te r i -  
za t i on  of the  as te ro id  i n  terms o f  i t s  p o s i t i o n  i n  a condensation type scenar io of the  
formation o f  ti;? s o l a r  system bodies would be c l a r i f i e d .  

Another measurement t h a t  could prov ide data on the bu l k  p rope r t i es  o f  the  mat ter  sur-  
rounding the emplanted penet ra tor  i s  t h a t  o f  the thermal neutrons present. The RTG power 
sources c u r r e n t l y  considered f o r  penetrators produce some l o 5  neutrons per second. This i s  
the  range o f  i n t e n s i t y  t h a t  has been used i n  t e r r e s t r i a l  app l i ca t i ons  o f  hydrogen detenni-  
na t i on  by neutron moderation techniques (e.9. . Long and French, 1967). I t  i s  expected 
t h a t  t h i s  technique cou ld  determine kydrogen w i t h  a s e n s i t i v i t y  o f  0.059; by weight  (water 
content  down t o  0.5% by weight)  although, of  course, i t  would no t  d i s t i n g u i s h  between hy- 
drogen i n  the form o f  water and t h a t  i n  t he  form o f  carbon compounds. Both forms kou ld  be 
i nd i ca t i ons  o f  carbonaceous chondri t e  mater ia l ,  o r  more bas i ca l l y ,  o f  the  presence of very 
v o l a t i l e  const i tuents  i n  the  body. I n  terms of poss ib le  eventual uses o f  as tero ids  f o r  
s e l f - s u f f i c i e n t  e x t r a t e r r e s t r i a l  a c t i v i t i e s ,  the a v a i l a b i l i t y  o f  hydrogen i s  an extremely 
important resource. 

More corllplete chemical cha rac te r i za t i on  of  a sample on a hard lander miss ion depends 
on the a c q u i s i t i o n  o f  an uncontaminated sample. As mentioned above, t h i s  does not  appear 
t o  be an impossible ob jec t ive ,  p a r t i c u l a r l y  f o r  a body t h a t  i s  not  appreciably harder than 
a b a s a l t i c  rock.  M in ia tu re  hardened instruments appear t o  be a v a i l a b l e  t o  perform ra the r  
complete chemica, analyses o f  such a sample. A c u r r e n t l y  considered instrument would use 
an alpha p a r t i c l e  technique f o r  the l i g h t  chemical elements and x-ray de tec t i on  f o r  the 
heavier  elements. 
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Table 5. Chemical Analyses on Hard 
Lander Missions t o  Asteroids 

(Expected accuracies !s t  9O"onf idence 
l i m i t )  i n  weight  percent :or p r i n c i p a l  
chemical elementsa) 

Element a + p + x-ray Modes 

C t 0.2 
0 _+ 0.7 
Na 0 0.2 
Mg k 0.8 
A 1 _+ 0.4 

S i  + 1.2 
K t 0.2 
Ca _+ 0.2 
T i  _+ 0.15 
Fe t 0.4 

a ~ r o m  Economou and Turkevich, 1976. 

Table 5 gives the  present ly  considered achievable a c c u r a ~ i e s  o f  such analyses f o r  the 
r i n c i p a l  chemical elements (Economou and Turkevich, 1976). The accuracies are such t h a t  
espec ia l ly  i f  a separate hydrogen determinat ion i s  made), more than 99% o f  atoms i n  the  
ample wi  11 be i d e n t i f i e d  and determined, a reasonable normative mineral  conposi t i o n  can 
e deduced, as we1 1 as the s t a t e  o f  ox ida t i on  o f  the  system. 

Thus, the  mdter ia l  examined would be character ized considerably beyond the meteori t e  
c l a s s i f i c a t i o n  and even beyond t h a t  achieved on the Surveyor missions t o  the Moon, cer-  
t a i n l y  beyond t h a t  achieved on Vik ing.  The establishment o f  the major const i tuents  would 
e r m i t  more soundly based i n t e r p r e t a t i o n s  o f  t he  abundances o f  the  minor and t race  elements. 

Table 6 gives examples o f  the  s e n s i t i v i t y  considered achievable by present dsy i n s t r u -  
n t s  f o r  minor elements (Economou and Turkevich, 1976). These s e n s i t i v i t i e s  depend some- 
a t  on the s ta te-o f - the-ar t  of  semiconductor x-ray detec tors  which i s  c o n t i n u a l l y  improv- 

ing.  Be t te r  s e n s i t i v i t i e s  may we l l  be achieved by the t ime an actual  as te ro id  mission i s  
undertaken. Even the  present s e n s i t i v i t i e s  provide examples o f  chemical elements (e.g.  , 

, Zr),  whose abundances are used t o  character ize  condensation cond i t ions  a t  the 
formation o f  s o l a r  system bodies. 

I n  conclusion, i t  i s  l i k e l y  t h a t  remote sensing measurements w i l l  no t  answer d e f i n i -  
t i v e l y  very important  questionc obout the nature  o f  as tero ids ,  t h e i r  h i s t o r y  and r e l a t i o n -  
sh ip  t o  o ther  bodies o f  the s o l a r  system. In situ chemical analyses are  probably requ i red 
t o  es tab l i sh  conc lus ive ly  the  re la t i onsh ips  o f  as tero ids  t c  the meteor i tes w i t h  which they 
are  f requent ly  compared. Such analyses w i l l  a lso  be needed t o  p lace as tero ids  i n  the con- 

nsat ion  scenar io o f t e n  invoked f o r  the h i s t o r y  o f  the  s o l a r  system. It i s  by such more 
l e t e  chemical analyses t h a t  the  spect ra l  c h a r a c t e r i s t i c s  of t h e  Moon and Mars have been 

establ ished and i t  should there fore  be a good be t  t h a t  as tero ids  w i l l  l i kew ise  prov ide new 
i n t r i g u i n g  data. 

Even such i n  situ measurements, however, a re  no t  l i k e l y  t o  prov ide the  i s o t o p i c  data 
needed t o  e s t a b l i s h  the c h r o t ~ o l o y , ~  o f  as te ro id  fo tmat ion and o f  t h e i r  exposure t o  the  space 
environment. Nor w i  11 i t  be poss ib le  t o  place them i n  the  h ierarchy of  oxygen iso tope anom- 
a l y  systematics t h a t  i s  emerging f(r s o l a r  system bodies. For such data, returned samples 
appear t o  be required.  
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Table 6. Chemical Analyses on Hard Lander Yissions t o  Asteroids--Examples o f  
Expected a + p + x-ray S e n s i t i v i t i e s  f o r  Minor Elements, Edaluated fo r  
a Basa l t  Ma t r i x  Using Alpha and A u x i l i a r y  Sourcesa 

E l  ernent S e n s i t i v i t y  
(Weight % )  Element S e n s i t i v i t y  

(Weight X) 

a From Economou and Turkevich, 1976. 

b ~ s i  ng thermal neutron de tec t i on  techniques. 

C ~ e n s i t i v i t y  fo r  K expected i n  the presence of  a few weight  % of Ca. 
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D l  SCIISS ION 

ARNOLD: A connent on the 1 i s t  of penet ra tor  instruments. This paper re in forces my i m -  
pression t h a t  the  combined a lp% instrument i s  best  f o r  penet ra tor  use. There i s  a 
p o t e n t i a l  instrument being developed by Trombka using a pulsed neutron source which I 
t h ink  can make the gamna-ray experiment more a t t - a c t i v e  than the simple gamna-ray 
experiment described here. The b iggest  disadvantage of  t h i s  gamna-ray experiment i s  

r y s t a l  because temperatures are  too h igh (about 1!iO0K). 
- ray  and alpha-ray instruments are  complementary. Gamna- 

ermanium i n  o r b i t  and the alpha spectrometer down below 
t o f  both worlds. We were r e a l l y  d iscussing the t radeof f  
t would be f a n t a s t i c  i f  you could put  both ins t r~rments  i n  

NIEHOFF: HOW about an x-ray d i f f rac tomete r?  There was a V ik ing proposal f o r  a small de- 
v i ce  of  t h i s  type. I f  mineralogy i s  t h a t  much more important  than e l m e n t a l  abundances, 
then some instrument o f  t h i s  type should be looked a t .  

FANALE: Mineralogy i s  i n  many ways more important  because you can take the same mass ba l -  
ance and put  i t ,  as nature  has, i n  a thousand d i f f e r e n t  c r l rc ib lcs  and produce a v a r i -  
e t y  o f  mineralogies.  We might be b e t t e r  o f f  spendinq our money doinq a minera log ica l  
experiment t h a t  i s  designed t o  look a t  the bland mater ia ls  you f i n d  i n  carbonaceous 
chondr i tes and which g ive  no x-ray l i n e s  on a labora tory  d i f f rac tomete r .  So I t h i n k  
you ought t o  th ink  ser ious ly  abcvrt t ha t .  

1 1  

, 
the  two o r  th ree most abundant minerals i n  t y p i c a l  mixtures such as are found i n  na- 
tu re .  I t  cannot cope we l l  w i t h  the 1e.s abundant minerals i n  such a mix ture  unless 

t .  
' . -  

; ' I *  
I .  

I -  
t ,  

device t o  main ta in  the a t t i t u d e  froni the  time o f  launch u n t i l  impact and tha t  weighs 
, , 

one o f  these unconsolidated ob jec ts .  w i l l  i t  go too deep I * '  
and r i p  the umb i l i ca l  cord? 

NIEHOFF: Yes, i t  cuuld. There are design a l t e r n a t i v e s  which could a l l e v i a t e  t h i s  problem. 

: \  
SHOEMAKER: How does the alpha sca t te r i ng  instruinent look a t  the s o i l  o r  rock? . . 
ECONOMOU: The mater ia l  adjaccnt t o  the penet ra tor  i s  modif ied by the impact, so to  get  a 

sample we must penetrate t h i s  boundary l aye r  which i s  a few m i l l ime te rs  t h i c k .  We 

I 

1 \ :  
\ - 

' :  i $ .  
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GENERAL DISCUSSfON ON SESSION IV 

nd what I sa id  i n  my paper i s  
e lop a concept f o r  a m u l t i p l e  

sion. If we l i m i t  outselves t o  what we can do from the Earth, and th ink ing  about 
meteor i tes and so on, we would no t  approach the knowledge necessary t o  i n t e l  l i g e n t l y  
se lec t  a sample. We probably don ' t  know enough even t o  p lan  f o r  a mission t o  success- 

would be a t e r r i b l e  embarrassment. I n  fac t ,  I would consider i t  a crowning achievement, 

nd i n  situ measurements are mu- 
rhaps our f i r s t  p r i o r i t y  should 

WETHERILL: I agree, bu t  I a lso  f e e l  we should f i n d  out  what the problems of eventual 
sample r e t u r n  r e a l l y  are. We must f i n d  ou t  ui iat i s  needed t o  know t o  do sample r e t u r n  
a t  a l a t e r  time, otherwise we are  always going t o  have t h i s  hurd le  t o  ge t  over.  

NIEHOFF: That i s  a good po in t .  I n  eva luat ing  and es tab l i sh ing  the  science goals of  a 
rendezvous mission, we should consider in format ion needed t o  p lan subsequent missions. 
The th ings you do f o r  science i n  most cases support what you want from an engineering 
standpoint .  There may be a few ex t ra  th ings you may want t o  consider as the payload 
i s  selected. For example, how do I fasten myself t o  a low-grav i ty  body where there  i s  
s l a r g e  amount o f  r e g o l i t h ,  espec ia l l y  i f  I want t o  take a core sample? 

MORRISON: We have emphasized the  necessi ty f o r  sampling m u l t i p l e  ob jec ts  because of  t he  
heterogenei ty o f  the  as tero ids .  The conclusion I would draw from what you are  saying 
i s  t h a t  sample r e t u r n  as a f i r s t  miss ion i s  almost automat ica l ly  precluded. A sample 
r e t u r n  mission i s  more complex than a rendezvous, and sending f i v e  sample re turns  costs 
more than sending one spacecraf t  t h a t  o r b i t s  f i v e  as tero ids  sequent ia l ly .  To s h i f t  the 
sub jec t  somewhat, I would l i k e  t o  ask how we f e e l  about penetrators o r  hard landers on 
a f i r s t  as te ro id  mission? 
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VEVERKA: Can someone t e l l  me what the t radeo f f s  are? We've seen a number of  missions -1 ! . I 

which inc luded rendezvous w i t h  a number o f  as tero ids .  When we inc lude penetrators , . , ,  , 

what do we g i ve  up f o r  each penet ra tor?  
; *; ; 

NIEHOFF: For the f i v e - t a r g e t  example I showed, you had enough margin t h a t  you cou ld  ca r ry  
! : 

* ,  , . . penetrators t o  each t a r g e t  and n o t  l ose  anything. Each penet ra tor  was 75 kg. There _ , ,  . 1 
, . 

i s  another problem, though, namely the cos t  t radeo f f .  Roughly, t h e  cos t  of  f i v e  t a r -  
gets w i thou t  penetrators i s  comparable t o  two ta rge ts  w i t h  penet ra tors .  But l e t  me ! 
p u t  the cos t  numbers i n  the  proper context .  There i s  a l a rge  cos t  f o r  the f i r s t  pene- 
t r a t o r  ever b u i l t ,  and t h a t  cos t  i s  included i n  these values. This i s  t he  general ' . I '  

problem w i t h  penetrators.  I f  we can keep the engineer ing aspects o f  t he  design con- 
s tant ,  the  r e p e t i t i v e  cost, once the f i r s t  one i s  made, might  be as low as $5 m i l l i o n .  

f 
: 1 .  , .  , , , 

NASA i s  s t i l l  funding penet ra tor  s tud ies .  Primary i n t e r e s t  i s  i n  a seismology and 
meteorology network on Mars. 

WOOD: It seems t o  me t h a t  the  requirements f o r  penetrators vary w ide ly  from one app l ica-  
t i o n  t o  another, and I wonder i f  you are  not  compromising some o the r  th ings r a t h e r  
badly by i n s i s t i n g  on using one standard model f o r  a l l  p lanets  and app l i ca t i ons?  

NIEHOFF: B r i e f l y ,  what comes o u t  o f  the  design ana lys is  i s  the  f a ~ t  t h a t  nobody can g i ve  
us a very d e t a i l e d  model o f  any surface we are  going t o  impact. I s  i t  some k ind  of 
r e g o l i t h ,  a ves i cu la r  basa l t ,  o r  some k i n d  o f  s lushy i c e ?  We have t o  design a pene- 
t r a t o r  t o  accomnodate a wide u r l c e r t a i n t j  i n  what we are  going t o  impact. 

WOOD: I t  seems t o  me one t h i n g  t h a t  we c o u l l  do w i t h  an as te ro id  which would r e a l l y  rep- 
resent  an advance i n  our knowledge over what we know about meteor i tes,  would be a 
prec ise  determinat ion o f  the i n t e r n a l  s t r u c t u r e  o f  one as tero id .  When I say precise,  
I mean a good deal more prec ise  and less  ambiguous than you would ge t  by the means 
discussed so fa r .  I would no t  r e j e c t  seismology as out-of-hand and would i i k e  t o  pro- 

( .  i ; .  
, . 
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j 
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pose such an experiment w i t h  penetrators.  I have the  impression t h a t  penet ra tors  are  ! 
O f  

considered d i f f i c u l t ,  impract ica l  and unpopular f o r  several reasons. One d i f f i c u l t y  , I 

i s  t h a t  i f  i t  i s  designed f o r  t he  exp lo ra t i on  o f  Mars, the  penet ra tor  requ i res  consid- ' ! ;  
erab le  dece lera t ion  before i t  impacts the surface. Another i s  t h a t  i t  was designed t o  
land under any circumstances, i nc lud ing  the penet ra t ion  o f  hard rock. And the t h i r d  I 

i s  t h a t  as soon as penetrators were qamed as a poss ib le  mode o f  p lanetary  exp lora t ion ,  
everybody raced t o  inc lude t h e i r  instrument on the package. Penetrators would be eas- : q ' . ;; . 
i e r  t o  use i n  the case o f  a small as te ro id  because you wouldn ' t  have t o  decelerate i t  
i n  the f i r s t  place, indeed you would have t o  acce lera te  i t  w i t h  a small reac t i on  en- 
gine. Secondly, you ought t o  be ab le  t o  choose a decent p lace where YOU would have 
some confidence ib would go i n t o  a reg01 i t h  r a t h e r  than hard rock. I n  the t h i r d  place, 
you could exerc ise  some d i s c i p l i n e  t o  keep the  penet ra tor  very simple; indeed i t  cou ld  
con ta in  noth ing but  a seismometer, the  most p r a c t i c a l  t h i n g  t o  have on a penet ra tor .  
I t  seems t o  me t h a t  w i thout  making the mission r i d i c u l o u s l y  expensive, you could p lace 
seismometers i n  a t  l e a s t  th ree d i f f e r e n t  pos i t i ons  a l l  around the surface o f  an as te r -  
o id ,  and you could a l so  h i t  i t  several times w i t h  a c t i v e  charges. Un l i ke  the  Moon o r  
Mars, an a c t i v e  charge would be ab le  t o  send shock waves e n t i r e l y  through a small as- 
t e r o i d .  I n  p r i n c i p l e  one cou ld  de f i ne  the e n t i r e  i n t e r n a l  s t r u c t u r e  of it, determine 
the seismic v e l o c i t i e s  o f  the  var ious u n i t s ,  and thereby l ea rn  some very impor iant  
th ings from such an experiment t h a t  you could not  ge t  i n  any o the r  way. This might  
a c t u a l l y  be a p r a c t i c a l  o p t i c n  as long as you kept i t  simple and d i d n ' t  s t a r t  p u t t i n g  
every experiment on Earth i n t o  the penet ra tor .  

MATSON: I agree w i t h  you. Even one seismometer and one charge on a small as te ro id  would 
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g i ve  the v e l o c i t y  f o r  the  d i r e c t  ray.  
ANDERS: What k ind  o f  as te ro id  would you p i ck?  One whose surface shows evidence o f  d i f f e r -  

e n t i a t i o n  o r  one t h a t  i s  b i g  and apparent ly has a compos i t iona l ly  p r i m i t i v e  surface? 
WOOD: That would requ i r?  more thought. I th ink  I would p r e f e r  one t h a t  i s  obviously 

layered, l i k e  Vesta, t h a t  you expect t o  be layered. Something as b i g  as Ceres would 
preclude the  use o f  a c ~ i v e  sources t o  de f i ne  the s t r u c t u r e  of the whole th ing .  

VEVERKA: Wood i s  very i n te res ted  i n  going t o  a small o b j e c t  and small ob jec ts  tend t o  be 
i r r e g u l a r .  How can you be sure w i thou t  an e labora te  imaging system on your penet ra tor  
t h a t  you a re  indeed going t o  be ab le  t o  penet ra te  wherever you l i k e ?  I s  t h a t  a problem? 

, . 
. .  
, . 

i 
; , , . '  , 

I ' \ .  c~ , \ i 

1 .- 
\" . ,; 

1 
1 

i 
; 8 *I 
: I 

i ; 
1 : 

I 77-l-----  m-7-- I 
; -- 1 ---- .. . -.- . > - -  - 



,,. 
= , , - NIEMFF: It depends on how c lose you can ge t  before you launch the penet ra tor .  We d i d  a 

. . l  -. l i t t l e  b i t  of work on t h a t  about two years ?go and i t  seems t o  me there  was no problem. 
. . 1 !I You d e f i n i t e l y  have t o  come close, bu t  w i t h  rendezvous tha t  i s  p e r f e c t l y  poss ib le .  

WOOD: It i s  rqy i i p r e s s i o n  t h a t  a l o t  o f  the  weight  and a c e r t a i n  amount o f  the  expense 
o f  a penet ra tor  goes i n t o  a h i g h l y  ruggedized device t h a t  i s  designed t o  penet ra te  - hard rock f o r  great  d istances a t  h igh  speeds, and I r e a l l y  d o n ' t  see the need f o r  t h i s  
on a reg01 i th-covered as te ro id  . 

NIEHOFF: The h igh  v e l o c i t y  i s  used t o  be sure you don ' t  bounce back o u t  again. As the 
surface gets harder, t h a t  p o s s i b i l i t y  becomes greater.  I f  you bounce back, your  'sys- 
terns won' t  t e  ab le  t o  c o l l e c t  and send data. So a h igh  impact speed i s  a necessi ty 
and r e a l l y  has noth ing t o  do w i t h  the surface g r a v i t y  o f  the ob jec t .  

FANALE: L e t  me be the  d e v i l ' s  advocate. Tne penet ra tor  a1 t e r s  the environment making i t  
, . d i f f i c u l t  t o  ob ta in  a proper sample and i t s  payload i s  small.  There i s  an a1 te rna te  

.. . which i s  the hard lander. It i s  something l i k e  80 kg t o t a l  w i t h  12 kg o f  science i n -  
stead of  7 kg and i: i s  much eas ie r  t o  deploy on the surface. The disadvantage i s  you 
have t o  couple i t  t o  the ground and we have no t  explored the possi b i l  i t y  o f  coup1 i n g  
i t  reasonably w i t h  some k ind  of exp los ive  device. 

NIEHOFF: An i n t e r e s t i n g  hybr id  of the two systems would conta in  the probe p a r t  o f  t he  
penet ra tor  f o r  attachment and some k ind  of a surface package fo r  a c t u a l l y  performing 
the science, which gives you some r e l i e f  i n  volume and power requirements. 

MORRISON: It appears c l e a r  t h a t  there  i s  substant ia l  i n t e r e s t  i n  penetrators o r  rough 
landers fo r  the  asteroids,  bu t  t h a t  we do n o t  have enough informat ion t o  understand 
the  costs o r  the tradeoffs t h a t  may be necessary t o  ;ncl  ude them i n  a f i r s t  mission. 
So l e t  me change the sub jec t  again t o  Earth-approaching asteroids.  Can Jim Arnold 
b r i e f l y  sutmnarize the  r e s u l t s  of  h i s  Sumner Workshop f o r  Near-Earth Resources? idhat 
was the  f i n a l  recomnendation of  t h a t  group regarding as te ro id  missions? 

ARNOLD: The bottom 1 i ne  was t h a t  an e a r l y  program o f  missioi is t o  promising near-Earth 
as tero ids  should be undertaken. The view of  the  group was t h a t  i f  p r a c t i c a l  u t i l i z a -  
t i o n  of  as te ro id  resources was possible,  i t  would be from the  Apollos and the Arnors. 

ANDERS: What k ind  o f  ob jec ts  were considered most des i rab le? 
ARNOLD: From the resource p o i n t  of  view, metal and water are  the  most des i red resources. 

If the Moon i s  r e a l l y  as d r y  as everybody th inks  i t  i s ,  and s ince water i s  one o f  the 
th ings t h a t  human beings use, then carbonaceous chondri t i c  mater ia l  becomes very i n -  
t e res t i ng .  Also, t he  i r o n  and n i c k e l  i n  some meteor i tes i s  more a t t r a c t i v e  than the 
i ~ ~ i r o n i n ~ u n a r m c k .  

ANDERS: Would we be s a t i s f i e d  merely w i t h  remote sensing data? 
ARNOLD: If we were a c t u a l l y  proposing some large-sca le  i n d u s t r i a l  use o f  these mater ia ls ,  

no, c e r t a i n l y  we would no t  be sa t i s f i ed .  As i t  was put  by the  two mining engineers 
present a t  t h a t  meeting, nobody digs a mine wi thout  samples. I f  you con t ras t  the  r e l a -  
t i v e  c o s t  o f  an exp lora tory  sample r e t u r n  mission and a mining operat ion  you w i l l  see 
t h a t  an exp lora tory  mission i s  very modest. 

MORRISON: TO go one s tep fu r the r ,  there  would a l so  need t o  be p i l o t  manufacturing and 
mining between the i n i t i a l  sample r e t u r n  mission and the f u l l - s c a l e  mining opera t i o n .  

SHOEMAKER: Another c r i t e r i o n  i s  the e f f o r t  i t  takes t o  ge t  the mater ta l  back t o  Earth 
o r b i t .  The lowest A V  objec ts  you can f i n d  are  a t t r a c t i v e  resources independent o f  
t h e i r  composition. Mass i t s e l f  can be a valuable resource. 

WETHERILL: I d o n ' t  t h ink  the repor ts  endorsed missions t o  these objects per se, bu t  en- 
dorsed them i n  the contex t  t h a t  i f  NASA decided t o  go i n t o  a resource program invo l v -  
i n g  as tero ids ,  these are  the types o f  th ings we should do f i r s t .  That i s  q u i t e  d i f f e r -  
e n t  from poss ib le  recommendations from t h i s  group on a s c i e n t i f i c  ground. 

MORRISON: Having considered an ar ray  o f  instruments and t h e i r  capabi 1 i t i e s  f o r  r e m t e  
sensing w i t h  a rendezvous mission, l e t  us now discuss whether i t  would be responsible 
t o  advocate a remote sensing mission. Could we answer important  s c i ~ n t i  f i c  questions 
w i t h  the instruments we have seen? 

CHAPMAN: I n  t h i s  ~ l e e t i n g  we have had what I have found t o  be a very e x c i t i n g  discussion 
o f  s c i e n t i f i c  questions dea l ing  w i t h  as te ro id  sciences. I th ink  there  i s  general 

. . ' . I  agreement among the people i n  t h i s  room t h a t  as tero ids ,  meteor i tes,  comets, and small 
. 1 bodies a re  p o t e n t i a l l y  very i n t e r e s t i n g  ob jec ts .  We have a l so  had presentat ions t h a t  

I 
s t r i k e  me as being n i c e  steps toward designing a p l a u s i b l e  as te ro id  mission based on 
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previous experience w i t h  o the r  k inds of missions. I t h i n k  there  has been, however, 
a minimal amount of d iscuss ion about t he  l i n k  between those two. Granted as tero ids  
a re  fasc ina t i ng  and i n t e r e s t i n g  and important  t o  study; granted t h a t  missions can be 
flown which make l o t s  o f  nleasurements. The quest ion you asked, "can a rendezvous mis- 
s i o n  answer important  s c i e n t i f i c  quest ions?" has hard ly  been addressed a t  a l l .  I th ink  
i t  i s  very hard a t  present t o  address those questions irt a reasonable way. We r e a l l y  
don ' t  know on the  basis o f  ground-based data enough s p e c i f i c s  about as tero ids  t o  de- 
f i n e  very e x p l i c i t  measurements t h a t  w i l l  be guaranteed t o  answer questions. A decade 
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ago we probably would n o t  be p u t t i n g  t h i s  requirement on ourselves t o  e s t a b l i s h  speci f- 
i c  mission goals because a t  t h a t  t ime NASA was i n  the general exp lora tory  mode o f  1 .  
operat40n and we d i d t i ' t  r e a l l y  expect yod would know a whole l o t  about a body before 
the f i r s t  mission. Now most people are  t a l k i n g  about what we can do nex t  on Mars and 
you k ind  of  feel  you ought t o  be very s p e c i f i c  and r e a l l y  know where you are  and what 
you have t o  do. We d o n ' t  know t h a t  much about asteroids,  so we cannot develop a 
d e t a i l e d  r a t i o n a l e  f o r  a mission based on a l o g i c a l  progression o f  reasoning t h a t  says 
you are  going t o  answer these s p e c i f i c  questions by going t o  an as tero id .  

MORRISON: I t h i n k  t h a t  i s  an e x c e l l e n t  p o i n t .  I t  i s  asking too much t o  judge a f i r s t  
as te ro id  miss ion by the c r i t e r i a  we would use i n  going back t o  Mars o r  Venus. 

CHAPMAN: Before such a mission i s  launched one would want t o  do one's homework and specify 
i n  as great  d e t a i l  as you cou ld  what k ind  o f  experiments you could do t h a t  would ad- 
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McCORD: I th ink  we can ask these questions now. What i s  i t s  composit ion? What i s  i t s  
s t ruc tu re?  Does i t have a r e g o l i t h ?  What are the  features on the surface? Aren ' t  
those the questions t o  be answered? 

ANDERS: Yes, bu t  I a lso  t h i n k  some o f  these questions are more profound t h a t  others.  I 
t h i n k  i t  i s  almost a f o r e g o ~ ~ e  conclusion the b i g  ds tero ids  have r e g o l i t h s .  I cer ta in -  1 '  

l y  agree w i t h  Chapman t h a t  we should t r y  t o  pursue these questions and see j u s t  what 
we can do w i t h  the t o o l s  a t  hand. For inctance, nobody has mentioned a Vik ing-type 
mass spectrometer as a poss ib le  instrument t o  be sent t o  an as tero id .  We should ask, 
i s  i t  feas ib le?  Would we be i n te res ted  i n  the r e s u l t s ?  Veverka made q u i t e  an impres- 
s i v e  argument f o r  the  power of  imaging. I t  i s  l i k e l y  t o  t u r n  up some surpr ises  t h a t  
w i l l  be q u i t e  i n te res t i ng ,  and nioreover i s  the on ly  way t o  get  some f i r s t -hand  i n f o r -  
mat ion on phys ica l  features and s t ruc tu re .  Another step would be f o r  us t o  begin 
making up a l i s t  o f  t a rge ts  t h a t  we a l l  agree on, t h a t  a re  l i k e l y  t o  be i n t e r e s t i n g ,  
no mat ter  who of  us i s  r i g h t .  Ceres i s  obviously one. I t h i n k  another one i s  a 
Hirayama fami ly member. If you r e a l l y  want t o  look  i n s i d e  an as tero id ,  t h a t  i s  an 
obvious choice. A t h i r d  one might be an as te ro id  w i t h  very low albedo, presumably 
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more carbonaceous, more p r i m i t i v e  than anything t h a t  reaches the Earth.  P r i m i t i v e  
mat ter  o f  a l l  kinds i s  o f  g reat  i n t e r e s t  i n  i t s  own r i g h t .  A f o u r t h  t a r g e t  would be 
as tero ids  t h a t  f o r  dynamic reasons dre very u n l i k e l y  t o  d e l i v e r  meteor i tes t o  Earth. 
That i s ,  as tero ids  i n  the main be1 t w i t h  q u i t e  small e c c e n t r i c i t y  and i n c l i n a t i o n  and 
f a r  removed from resonances. This i s  j u s t  a beginning o f  a l i s t .  I am sure each of  
you can add several f avo r i t es  t o  i t .  And maybe t h a t  i s  a good way t o  proceed; f i r s t  
t o  compile a l i s t  o f  ta rgets ,  and then ask what experiments 1.:3ke the most sense f o r  , . . 
each o f  these as tero ids .  I e .: 

MORRISON: I be l i eve  t h i s  i s  a good place t o  end t h i s  d i s c u s s i ~ ~ j .  We a l l  seem t o  agree 8 '  

on the  d e s i r a b i l i t y  o f  a mu1 t i - a s t e r o i d  rendezvous mission, and I f i n d  the s c i e n t i f i c  
arguments presented here q u i t e  convincing.  C lea r l y  i t  i s  not  t he  r e s p o n s i b i l i t y  of  
t h i s  workshop t o  de f i ne  a science payload o r  t o  s e l e c t  t a rge ts  f o r  a mission, b u t  i t  

A ;  

i s  a useful  exercise t o  consider these th inqs.  Tomorrow, we wi  11 t r y  t o  sumnarize 
our  posi  t i o , i  on a l l  o f  these issues f o r  the "Findings and Recomnendations" sec t i on  of  . _  . ~ 
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